“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1992-05 


An evaluation of marine propulsion engines 
for several Navy ships 


Stanko, Mark Thomas 


Monterey California. Naval Postgraduate School 
http://hdl.handle.net/10945/25907 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| г D U DLE Y research materials and institutional publications created by the NPS community. 
FW узу, Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


ІШ KNOX appointed — and published — scholarly author. 

OM LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


id * uw o. ub X" Y x9 E AAA C. R x: L RAS hh EF*24 14011 ¿284 30 14,9 ^ as 
2 q à p ' LN IO A Ms Wty Ws Ly eM Ue; 
М ы [ DELLI КЕЛТЕ k E „a ‚ Y " Nu WE Sette RETA 


Li L Же M 
без un BE A ERREEN KLA AOS DA 










Ad 
| . 1 ГИ N n a IS M 0 LI DIOE ET 2а «a ае SECUS ASA AAN T IY 
5 > e e "AL Ú A 7 1712. х an pon & Ar 2 TO AENA ETE AMAS LEO ЖҮ Met 
7 П П р 4 А “ 4 П [] E EL %. ` LET Pu NNI | 3 . XAR S y CO = rds rA ee Pe Vu b % 
. 2 Pee ge \ ` (s nd: ng п wo 4: ЖЕТ RA 
a АГ k Ты ХА” ALD E la A 
A 52 2 ра 4 м 


ъа рала at, worn 


ы ^ AOL MAS EC OV Am 786 
4 E д NDA het A VE IUE ur 
i 5 Y SIR UE XA X MA ЕЗУ) MU mo "eon Do. uy LE 
DL LL р ат СЕИ КД NO ea қ OCN Y CAIDO DARE OA 
Н 


Ы ИКУ к.“ xt „a PX I АЛИЯ ЖАНА AQUA rea СА, ГҮ, 
i .% tg Aser 2. E x 


»" 
т р vr 2% STER ^N "rwr d «a MA d" ЗД ^r 
еа CR A ГЕКЕ | "ACA OR P NS OSO NE XE та E M PRA 
1 O DPA < ORD ' Ae 4 Уа + on UR o 
L eT A VUL ERE T ORT hte CAC 
IR DPA ШЫ ORA Don [KUR SS ee ee 
АДС OO KA) КЕ т e TOS 2 
A D yt OOOO TOA N et DEE De- Jr 
ҚҰТҚА ДОСЫ ИЧ ЕЧ. Erie qa ТА Дт” 
UE NE QUO ың құ қалалы ЖҰЗ Аиаи уту 


Am ej [^ a 
=° E 
D . E: E 
CESA ps M ТА ол EN И 2. DIT 


LIN LERNT" 

DEMANA ET Я ” uy ol rg» A bd 

Ж “...4 en Д ОСЛУ EN: ' Man Ph Aa A УА Асти 

Лу [En ҚА ҰЛ) 4 EAST TA AENA DATA 
3 | а ҮЛЕК Are TELLTALE TETE T E T T 

A] SA ALI! m EE! Yos TIOS LU TID 
ИРК 1) ACE rs a "ya es CA AA УСЕН DO КАД АСАД od 
чт аъ у» зл 4л А зе, xs 9 Жа ы eo nam‘ Wes ERA AAN 
A AAA AAA СТУ Med: 54 DEN a + ie ADS u QU 

мэ! ША RAQ E] м зга а A КОСЕ DOS 
X На A ee ACA IT A a Уе tn ee en 
NS кора» 63.2 базаға SITE Der Аы, уал TA кл, Arta Se Ls 
eN - KALANA va % м ALIUD pa LCS За ақа. A ке мм мъ She Im We he an Mo Made B.D: 
OS RO OOO АЛЫНА ДААД АЛАЛЫ 5 ao DEE ee Pies 4 rapt IATA 


"ad. 
“ә 
= 






















\ А з П А ` z .. ry П "Zn Pu ED 

E . LED 7” LI eer ы Be "ge weak vt u E 

` П 1 t LETT ` ^ . Ш Ж 4 һа u‘ КЕТЕЛИ УУ NM 
"E 





А А nta D xum ЖКТ КЕ a 8 

' Ц M о е. Г e. que 7 . 

Ы ^ LEM! 10 O [] 

Й ` 4 LEE ы Ы 0 1 П ` TP T 4 pus 

У DD ы р р E 4 47) ERICO ЖКД у 

14 . EJ ПЕ СИ] A УЫ A. [1 LI U 

i Ы ` e АГ seen `. a ER 44 47%." 
yi 


yksi L 
б ИГ Dn Й А 4 а P PE er POR wir ЫРА ТА жы С 


Р , O. x ЖАЛЫ ; [EC ñ 5 in SRO PPR LENS RRR „ААА АЛЛА АЛАКА ТЫК ТЕМА? 
1 А Li ms ААР .... J CIIM wer ұзағы .. wy 4 моч еер ot EU re Oe ea) à NN 8 LEA BALLES MOE TAE ar ГҮ AO ү 
. а " G А | М OB NONI OA TO tea A A A EI E OE wenn DINE Ы ENIM NUN AMD AO SR A te nam: 
E E O nt , P1 эга Sp s р "A IR J t V» Te. dr МАН MET SIT SARA AAA A ДАХ 205744 ` 
E Ç ЫА Б ы, LE WO ба: ELE DO RR TORTE S ҚАТА ЫЫ Уу дү Lol d MEL САЛДАН ДСА ТАР AV e; qne Е 
ga К дё, уз | E ДАЛАА р КЕЛИ РЕЗ) ЗАО ЕКЕ AR a RN AR DDR aet 
а š ҮЛ, uL be ite CEE E S TE ИТКЕ ТУА o P D mra ҚҚА САЛАНЫ, ыҚ MN DIETER Porn A LAA A 
DON ET DID A ТЕМЫ PE ee On So R r Кү" O TIE OEA SCR E AS waq. 
O SN TUS A O Y OA УЫ CI E AH u.a x. ^ ЕЛИАЛ Ta TV өң 
' ‚зем у, а” бү OT AE O ES OA O OS ELE LACE E UT EU NES RO AAA CTE 
қ Р ` s $ TELE JUPE UL 4 a ae ie e ЕКЗ “4.4 Ева y Y a ad as ЛАА LINE 
Й yf : vs UE x f gr r LE TI “ya КИЛУ: AES ИГ DI a y Camas a LAC SOU PERS т Teer 
1 ae E an ° ‚ у'у» *%%”, ` П E П ety T Vd p ce ae ықы (4 64 ТҮНІ! LES 4.4 9 $ AN АЛДАН LEE TI} OU O POD ECC Pr 
қ d DES . ' 7, узаа а PEE Ue S E E ъз, а REC КИ ИИА Се! Core Ae ee ke VIN Y Pan Regan i маты РЫН ULLA OL 
е E r " y ! Linen |a VR A*th S qua NUR) Pa a ad TEE TR OS IAEA TA TS ENS AEREA ГАТТ) A AAA КИИ 
` Ue n м "LEM O ca IS OST Ж) M "^s quA 14 Nata eteiós А, =ч ун D bor m. > SEU Pe bri ih CA eed hel 
f as H [ZU £N A E ИЮ. da? ^a, атағын ааа Талал Т Бақы Ада un... k a AAA CS 
4 tg weg |j TEE E ENDS RR IR RAS AS ATAN a ord PL NC ars e ipie Y 
.. Ls mp. a S Ce ee EA A тубы ң x... NER PIa mayai AA E Ln P der ya a LI 
% tert ps gato aah Жақа soa ate ride tnt ae UE + ECTETUR LESE 
NES LES MA CROACIA E ARE ad AAA LA Л 
ARAN 4. 40%. АЛАЛАР s SORA ҚЫССА СУ o y .m a, LIT PRI 
Ta ya nn din arida eN, TER.) oe eto ns A ILU PRIMO тала АСЛЫ тае 
ЕТЕЛ ЕА. ee “ LE d Yun COURT B 7% 84 27а,4 4: 1/47 9% AA ia TT Д УГУ Б ЈГ ЕЕ 
CS CO We y ONE OTC at. AA AT O det Aer DLL TRES 
"SP ur E UE AE ADA RAI TR AAA TO ESOS А та рне. е RS AA ЕЕ, 
2 Г ) LUE USE LECT PE A A Е ЖАЛИЛ CIT OE IO A АҚАН АДА BR d ғ: %Ч. 
* vos OS Тара TEC T ` mE m O O ТЫ | ШЕ ЛАК E FLORERE А ТҮС ҰСТА OO fn mp АРТ ТТМ ТКТ 
1a П ot 5 tate жасы татады tro. ae Я Rp Me К КИЯЛ ҚАЛТАНЫ n EXE JL ATICO A DAL AE а 
с АЛЫ! шалт | АЖЕ ЛАЛУУ CD So CES - D M: АТЫСТЫ P Spe Y (ow DIESE ме лат DLE ex E ЕИ ` s... ÉL 
^ Г ШИ ELE O EANES a h tke Ад! DEJA CTO A ELA IR X қарақ Apr PIN 
J ate ma ey vr ro. AS р А Ее at ` Po PA LIN M Р aca cap AUS eh ordi LOS i t n a y y 
ПЕВА] “а ЖА: DU OCA HAE NC COPIAM s SES SST O 
O E ИЛДЕ ЕЕ va y, 2m ep en PA ach kr ык un mar А” 
O ESOO UT CN AU wo. er a zei pi Ы, ҚАРЫЗ L 800, 9/00, 2 An a ЕСЕГЕ 
* AA ACTA ARA RR ey ыҚ ED и UKTA АГК MES E ees ER dte e eue duae ls 
баз, ANC WEE DISCS T ЖЕКЕ КИЛЕР КҰРАДЫ ҚЫТ Қаны Ba ST Аы Ы Eat ы eh 
AN Er, OS ONCE ES 0 ОКСА ж... Pig idee up ВЕЗУ AAA EAS bol pe ht 
Е r E TN u ar CO We ek ik Ve Ere awa, алыл д, ПАНДА А АД San as, 
А ats "os ES TA sy + вте та HS REDUCED КАНЕ КУРК w. NE IN Een 
e E IN 
М 


















П ғ”. 














TEA AE IAEA ee ye 











e 
um 


































_ ы 
` 
ғ 
ғ 


























TA 
LJ 
Bein 
. 
a 
А 
T 
ЕД 
ы 
ve, 
"ES 
SR 


















aka iw. йі іы» 
= 
A 






PEO ROO т ent of 


Ser 
” 
з 
ho. 
ES 
` 
= 








UV com LA n Pd АУЛ reden aa e NAM ЖАСЫ A a E nd 
ds жалақы La o m Y 5, Pa Let an ARE SES ont eee ^ ANA CR A EAE E A 
O veo. > o ығ ара у ҰАК A ЖАС аа хата тұсқа» DORT 
LRL E 27% е 2... © ogee tee Neat u ary YN CA 29-44 yt ом Me AY Et ari M 
eae "POET LS. . fà ТИИ ПЕТ Pj aj y. EAN p E PATERE CR db d EN a PR 
HELLE D 7 КЕГИ Lu LIES ç » » MCA CI cA ELO 
Quee CU RU AO № Ы esos y жылы, L] A beer P om К б елд da Aaa 
S DAA COPA ci zh 
АЛАЛЫ ААЛА АЛАЛА ЛӨ 
БЕРЕ oy d "EL SOE She Qin ae he ta Sh me ne dence `. 
aiki Sf СВЕГ АА 
we А ғ. PD Y Ma o in di aia 
MONS wo 9A ER NO ey Алау a EM DD EOS we 
ELA MILI [SEL LD ЫЫЫ? po mers 
Lab %, ww ыы ЦЕ к EY de E 
ор res try SI M (NITE B. chi eleg А ir 
ILLE TC ES SE “wv "y an i eo 
`. n CA a “.. TIT E E IT шебі» C 
NE акы > ы КТЫН c E e: TR RA: ANM UN 
Жыл?» DI ky. AI ae ar то ety ОУБ 
ЕУ ЕТИ а D X teat P INS LX ES a ng ou UE po ET | 
CTS AOS >, ES a . бла PITA pis 
Dru ta Ag RATE mE a 
IT P» Фа Ae zt Sart KT IT hah! ETE 
ач e at A чр NEN 5 Pa 
LET FREE RE p + AG 
ажы МЫП ЕЕЕ ТС 
PLOTS CPC TTE EP Ы) 
ONE a ZI Г 


P 
E 
- 











М 
P 





ЕЕ 
TERIS 
ИТУЕ. 
Wea, ald 
IDEM 






















nr, 





14 e D 
Ы ад fo'a 
Й ` ' A зу 
E A TO IE AS 
П TM AA PUE B u 
ES АКАУ EE TS 
ee A HASCE Er jo] ILIA 
... EL. hr ^* bo 33, doe ofa ode: 
А 14 . 4 OT O гета ч 
НО ПО ДА. аъ ге vi 
БАЙЫ 





ё 






























° 
»- 
D 
r 
” 
. 








А P 
[o y n к ат Үкі af 
Й 
ñ 




















ЖЫ T LE 
ЖО 14%-Ы NET Pe 90 
LI 


e des 


P 





a 
b 
+ 
LI 
. 
, 
+ 
E 
- 
- 
* 
А 
- 9 
. 
“ 
- 
- 


we En >. | 

^ “ .. v s At C ы 

A A I AO м л Y 

. MIDI UU a£. E РЕ ss. е5 ASTE y 
P pod CI e Wave ate? 9С А * > n 

ae ea 

FRYT 







D PASE fe 
nu M US jt Jt 


EE EU 


H 
Б 
` 
в 
т 





v A de 
ne CAES AECA Ё 

КЕК КАКТА ЕЛЫН УКСАН ЛИНА. ун ARAS MANS A 
Pisco МУРАТ РЫПҚА ыы 4 Ағы! EN Iran 

5 tw x GETESTET En a Dum ЫЫ 
a К OD HER ur PL 
f IV ИГЕ PL] BUT Ai 
"Pun u E D x ogg ў it EU E жа MU ] 
mm SAE Л M ETA TAS M 
5 С LIS AN n eh ,7а%% ж. 
4 A^ Vv E 4 O ow 
4 
















" 
E 

P 
"mo 

h. 

" 

б 

P d 

E 
PELO 
аа 
-. 






WE el de da GUTE PEN DU I 


ЕРИ 
e 
В 
А 
9 



















Laad 
н 
LI 
.- 
. 
РЯ 
- 





A wi 
б Р РЕ n "УРТ TE ofa ed 
er рур а Piu a ha D ме C РАЈ y 
А МЗ ЕЧ База n1 aa T +“, fa Б ей Bu 
e Fun DIN PLATE E TM БЯ Pe ay ў 2,25 24; 
3454 FR M ic ELLI де ғы 
% “өт ag de А RO Ya CLAIR 
pU v Pes: 
MA EN А са pr ы 
жасат £4 tue 441» 
we ҚА АРЫҒАН MERE 





En 


ҰҮ% 2% % 4 NP CR D LEE . U Ады” 

НЕ E TIL ы P PL fr e Np * % 
2: ТҮ ei ER fu ШУ, 

E me A bn жағасы 


"x 
Л 
Ld 
bu 
NIRE 


pn 
B 
Н 


4 


we 
np 
Ser * 
м 


5 
ea; 
; 
“ 
EN 






m 


4. 
Қым LOS 
= 
a 
` 


ЛЫ аі, кейі 


Ü 
. 
P 





ғ 
E 
<s eN 
жым 











4" a" s." 
~ 
ы 
* 
2 
A 
LI 
` 
` 
- 


7% 


Р) 
. 
Я 
LI 
А 
x 
p 


Ta g 1 . 4 . ` П П Н 1 
L: 


+ 


; ЕУ; Құ 1 ЛЫ 
Ы RIS ILLE U = q E a ei ah E Та 
5, gr 4 = 4^! 4 a LS Ағ СА 
Rd bu ge fa f TP LU 2 "PTS » КАСЫ LL EUM Zu 
Ü »а› олған та ҰЛ on on Ww A. ЖАҚ m 
DEC LL е CREMA WE сс. Modo c 
HEC Сы d na "am 21275 АТТЫ F Pi ur na г rae, 
3 958 uN SA i LP n pb ІЗ 
ғ RTS dat t a d. н 2 
n d'etre "y Й 


E 
E 
` 
. 
“ 
E 
" 
` 












ҒА Ал р, 
Ф ы vi Zn" pum 
2 TN ы me qa ЖУ; 
NH Le 
Су - jV i H жу Mies Ç 
Л, КИИН wa yta: EE Pivot ee te n 
4. қ Lj ТГ A А ite Ы ara Y X e ue 
» o) EC P ED COTÉ f РУ rk: АА ого И FTP ты 
А Pa EDT EI НЫ DEUS SE POMPE Te 
Қ КАТЫ ТТТ БІТ TAR А ЖА қз EXT PIC! 
“УТ NU DILE ҒЫ PES edi CAR: n4 a 4 ts, 
PE AUS EN ve D» ifa Наа Ре 
Re Par 6 RN, Ен Нары 
f e Je 7 - z 1474 rap 
АЕ epe teur o rouen 
d ж. е КИЙ E «M Pr pp ^ EN ann ER es 
2% AI LE y АТАНУ РР 
A ч "eb Ж uem ^ E^: fà iced Y Ep 
ЖАН PEA JUL AAA DAS NA ЕК Же” ^ 
Е ' LINA s * РЫ DT ГЕ” КҮЙ тө КО ККАН НИ „уу я A eet A "y n e 
..% КЕК DETTA AO LET EUH Bn АРТ PATET A. ori d c EM 
"m E ..- ғы didi ЫЛА ^ LC E PP T 2 ео. RUE de Be E е то: бсре dae E 
A Dno ETC Aes Pur; ут DERIO C A LAE Meo Edo es ide 
, ч 









` 
on 
м ав 





` 
- 
. 
. 
< 
ЕЯ 
x` 


Moy 





м 
sen 


D 
` 


1 á - 
AU An 


"ч 
y 
"a 
чоч 





e 
m) 
* 


a 
a 
$ 
FI PEE TS 
ras wr fees 
r see 
к Ж. 
a e. | 





E 
. E rhe ы 1 P 








% 
В 
М 
` 
`= 
= 
ы 
ж 
У 
зә“ А ai. S 








L T 1 EAE] 

Р, ET # ~ РЕР: DT 
4 Ы ... ғҙе En 
PLI ы i Ad ALA E) ^ 
П 








i SD [LE | 
р GG door e 
s! t 5 ГИК И ИГЕ 
D ag n y PT oa 

б М EMI 


av eae 
I Pe ur aaa x "Y 
n ә» 


^ 
тізу” y 1>, " Й » ML 25, 49 ы ба var, = РТТ Pr ы ЖТА Pr M es ig l Р Tiai 
TPL A Ie O HAPE i i AR ly fe Ao AT peat Ты s Ms A iil үө ут, 
M u ЭКТИК ,4 фтұу РА Loo DEED DE: xd УЕН АИИ AD uz Tus CIE diee ft ier Ti cs d 
- ҚЫЛ «vd Lo OE espa Paks ey ИУ АА $e. ye базы,» "np NOR d D Dre ЫК OE M ETT r REG r 
UPK ee "m. КО EE on CL L 7 4 ИШЕ ЖЕТКИЛЕ жш L AT al de riv е CET vaa p “dr ы [E AS ET ALES M ТАРА КА ad бгл de 1 
DP TIENDE. REI LRL АЛТАУ АНЫК А БАГЫ « “A эз Ж», # а "ey. + py ia de pe Dat > dag 
УЛЕС ee fa A PI PMID EIE A £ 1 1,070 КЫТ Бе F Yat? ғ.ғ DICE LIC E D A ASES EN LORI 
8: УЫ ИИЛИП ЛОТТУ ҚАЗАДЫ A E E Re IICA TAN ДЫ, САЛА ызу ж гез ен. 
hour ta ТОРУ Cas ur oe A ee ar) ARTO jf ip T Pa ae) DTE PALME MH TRE Му а ofa gl PRA prm IN ae 
aso 4 ғ LI ae ТАРДА та“ des Lab. | 9662471 Aa 3 i 97, редова и а aic RAI v sa” AAN E Ei гү! 2 прн 2 м. : 
MER "m Fae’ Means ГЕЛИ) МАЛЫ ТК КЕ РР УСЫ; 1% ЖАН deir aq stove Pra u yr Fusco i 
in at “ Feu ЖИИ ЖЕРК УУ PIE up LAM EET x nrc um wie, Pr Н CUA Т4 "dtu ery pee ed i 
pi a faje NS A A TS AAN ASE E nar dde war ҰСТАН ДӘГЕ ТАҒАТЫ a DL P Pt ag ud 
, ACIE P ары ГЫ HIA Po а N wa Pr АСУ, JU жа LOFT A DUC („йи MEL (AW o ares DT PLC о реда Pear He as Rz E 
желе e ET E ART CUP ' E e ENT etr ТА ТА ТАП ra: Lyr idi an ag 
*! n7 Hntt; 7 A IE AAA е ЖТ ATIS KET, "yvy VAL PSA ATA 7 МАНАҒЫ re ЕУ or ja 
П eo nee 7 КЕЯ 15 IA rA PP ғ SO HORE u AA PITT Я O A eee 
N КЕТ CETT iS "7,5% TY а СЕ ^4 Kk fate EZ тузе бо a Dd, rs qa mao ані gn 
=: H ч вр тр ёе АН P PLE ТУ T LT РЕТ i аа PET ЛАСТЫ АЯ, jas мли иеа" а срыв 
d Ш ` AMA IE A AA s 44 Jud RUF TEL и PESCA LA PARA IA 
2d ы s А [ 4 P, Е ЕЕ P d X ог 2; P y PERDE PEE К "n O e e api Paese plein I ich idi pi 
nd fag n , y 3 : Д HA yy nu % t, т . fun u т, ua ema tas Ни Ри "I ”, дену ET ТЫУ A Pd a et ee ee eal eel ae А 
| : А 5 y 32 nen)d4 SP, o Lye M rr A IR ites Tur ae ECHO ПЕСНА НЧ 
ILLE LEE reg Wo Pe, "A X^ ӘРІПІ уз ТАРТ Н Z us DENS E cry РА] Py pika +a онан ц ныд 


















germ enm 


































КЕНДЕ ДАДЫ. 2.2. СЕТТЕ ИДЯ ААД КИТТЕН АД ААА ауд 
N mr Y АЕ ЗА 3 Қ tie peut 3 Е p d E T ee Ас e y . $ ub Lodi B enc ТАР еч ы Pelr i te iet iti or 
O A OA 7 E ON 3 EC PET "E PP C PA PU T ҚАРАРЫНА AU UÑA arg nhe LB 
LIS t > лыр КЕЕ E INCL S 54 Ж DE LS Д, ОСУ Т TOME PH е PRI AS Ls wo ot ir nu: DL Mrd PRI ы Du dd Le pl 
a “а 4 de BEN Oy * Mti T ai s Ты һы | “> NES EE, E Èr DE UG greek £l d arid AE dE Cd Leah Kg ndo 501255. ue 
MIO ОАА ны, b S LC У-У AS ten ne ae A Pee CMD Pek RT IE E z A rer Cie hire ui Anda tt 
М gi TP "wd td am La T dy FIM „иеа ге Ё иі ғ i "EET fy adas CO) PEF 19S ҮЛ й РУЫ Lune a M, gore 
4 ПЕЧ vo. # 5 wen AA ғ Lucr LN JL ы СЛР EP a $0: AS Pi ee Pir a a a aie H a 
ҚТ EY ay e lp E, AA O EOS JA Da М A ЭДЕР АП Baby EE эт әд 4 -74- £s n i pe vn CP A, ba poe, 6961 а yd 
E ad ГИК NIE mide : HOC ERES AS Vk ғай ye (iet. BUR сайы. Eu te 
‘A Yee ША. VOTE "n 222 ETE HE prias re A tee огы Уақ ii, ower Reacts 
Vg .vib.tvs dU RE ks A “ Be hd PORT АЫ н АЛТЫНЫ ы) Y. ЖАҒЫН PIPA MP тебі gehe 
PADRE ir ЖАҚҚА ЖАСТЫ, Ж. а.) DEN ПА КЕЛҮҮ, e ne I ARP АНА ГД “ri” Me oor Ba M 
PB PITE A АУ o (NANI N) А2. A uf P ТАЛЫ i #3 IAE O AS A EA ОТА Т a AMA. 
x ТКО ТА: ER УЫ фе vh SA AA ға жж M AO ATA үзөлү AE m ыы A ЖАУ. лада OS uam 
а NEI FT cae MC NTT Me АУ СТУ ЫЛ a? a Pres, re CCP. POENI 2 rte LE EU 
Sie 2 SUE M an Gul 9 (3 ro Pn ад ТА ELEC rg ET reg SM xu ESEL fue 9; АУЫТ, ПАНА бт х 
, ) VE AT) ра PLN EP d Жұ ИЛЕК; 4 nme orn аз" "e DICE TE] n bh x Det kei = Mt 
E O "PL ae NEL" AO A 800) Ф. і PO T YA LAG oe wy y Е а. we Sete i OL в H ost Eg EP Psa perp 
э} ; g4À ne 2 M , M бй Іші САТ ыр АҚЖАН ҚАПА an 975 fi СМ СЕИ те o Pe ЫЫ u. еч as 
s EEE ESAE ON ES OO ARAS Ud Po bsa Ld A cee АДЫ Ae y pt dose wg LE ac CEPIS АДА һы т. з 
3 ¿ta МАҚАТ UP 3 A gw БАСА vi jw PX. Ж vigor "HA E Do гу. ER Rebe pi ае оен МАА оу Ae 
ОРИ. ny fet. ve POS d PL ШЕР тағағ) у 57% en МАТЕР D ADD ET ee a Thu y A En 
h Ё Um рі % v^ qr anti 247...» mí 41% rm 34 LEA UA Re tika Rt DU AER y ds idee ды 
" 04098 ұнар ааа ааа со LOGE eC E E Ne ict este e 
D ¿ У ES. Y A fat r M us И (xc ario ES y 4) y. an nd sale P уч “AOR ME A 3 gu Ae LE odd ji e Rte ЫТ Chel ee re ee et Stan 
қ TERRE А OP en МОЛЫ oor u aan n TAR 2 КАА, uU ME ARA. ad A E er DES DR CAET RATTE de ile ele A a 
E . H S LC ТА СЕХ, > PLA e т ak rh Een. эллер, (apo i eom ee M kakaw oe ang rare ^63 *ü 
PET s A TE II ERES OA ET [ne DIA TE TEE ояла наны Dios. e CE 
‘ 3 13 ea, IT E TE А "Tn #u LU Tye ers ` eh ad E 2453.95 PM 5 
: eh za. à dug rh i MS C al ` Желе TAS ie ҚАУЛЫ АСИК АУ II EL LATE Же T oL 
5 DIEGO C TS Pr ONDE UE C) ues 5 Br 4S0 er nif Ы qut Қалы uml е А! na asta 
AA Tu 2 pee a Жалалы. жад ЖЫН К ыд СЫ rege [Ie dan pia КЧ A AA и 
IM Ya Su MIPS ESOS 2 TR А ДАНАДЫ Ды ASAS ee аа 
1) 2.49; prf КАА, ШАЙ ¥ tales A DLE Y UN AI pop joo qu ea Ut 2 од Ты н саноа чы Y 
T "et v Md 245 „ie. AS UA ak bp atn A On A A A ыы ТП [egi iet 
DA DE t jua E М? ы УЧ $33 1 Rus, ы b. ү ‚Ж, ж. Ма ыйы DA Do ER EHRE ER АА 422% To шыла АУ». Асъад 
` ы LE PORA Jl Ay ER у, Pa aa aL fr aee ded Ig wam. 
PL kai ón 
Ы ah a 2 Pa к??? ч М gr қадыры 
ҚЫ Т ұз "m Nal eae TALENT ts Pate seats te on COO DUREE PI e E IO ee 
Қ. Ме ТА е. oT MC RATHER REA AR сет? еН Ие СИ" ұзар н teurer Eee 
а Ж. Ж PW VEA Ja Fa AE Ë DARET MIQ А; КЕЛЕР Ser А) LO Ja iA at de 
das ; і р A TAS EE HG aves ЧЛСЫ aan sin Qs. PI AFG O ТЕ Pe [GE Rabi SAETTA e ki y q чи м 
Кц а А ER 4192 е: SAA CET DERECHA E BREMEN АРНЬА Е SR DANAE CI a S ps eura dar 
1 i 1 15724 gu Ба a M e ЖЫП АУ s ЖАЛЫ ДА» BOLT PNE RETE n i Euer giat ЕЛЫ 
4 ТА Қ ЖА CUL XA. 





















r 
“ңа. ч } e RH... 
DADA AERA о 
" П TE za 
“. Sida Pur een EIE 









E ERE] " 





































t i z ЯУ» - i x As DU ER a a at eae B S e gr ЖОҒЫ ЖУҒАН 
е М, E NE Н РИ " MUR 





DIEN AU de Кома HU Van cet: jai LE ч: 
i PI A EA DILE TAE Ад луну VAT. Ten 
| DU, A a Et, SA ae RT By TE 

г r 5 4 “|! | ? "я Im re * T UE eas En рет DE ск re ge M 
U ШИК ДОП 4 Аы ЖГ П 4 wa da. 79 3:5 MET USUS CE N EA LE 

Н y 19. KAA b M. вас ьо Ren E Paws КА Н LE, 

SA TP s EEE rc Ace DU LT TRO EE EET Et E a Md 

< Ladder een ссх Ан сі ҰРУЫ) Арба жалар Ы 
AT UL ЎА UC ME 









arce 

E h E D POET 

y E» i EU TTE s jetta "Pia Baur 

4 f è "n Р X Р zm cu wA LA Жы АУЫ d UA 
1 i " А " t : 













RER E ad 
ААДА К EEE RER 





б + ү 2.2” а Же SOMES ws LE e 
d p q б, 52 LY "tm Tr ER EEE 
A : ре й Rr DOC UR DE 
E AS E Dp A 
P ri ` DD у уа Е S 
E Y зас Ак 5 ауа rss RER HERE 
dE А.А» ҚАЛМА Ада aaa at 
i E ae css m ns DU Boe 














AN EVALUATION OF MARINE PROPULSION 
ENGINES FOR SEVERAL NAVY SHIPS 
by 
Mark Thomas 5tanko 


B.S.M.E., University of Utah 
1983 


SUBMITTED TO THE DEPARTMENT OF OCEAN ENGINEERING AND MECHANICAL 
ENGINEERING IN PARTIAL FULFILLMENT OF 
THE REQUIREMENTS FOR THE DEGREES OF 


NAVAL ENGINEER 
and 
MASTER OF SCIENCE IN MECHANICAL ENGINEERING 
at the 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
May 1992 


@ Massachusetts Institute of Technology, 1992. All rights reserved. 


1260659 


673033 





AN EVALUATION OF MARINE PROPULSION 
ENGINES FOR SEVERAL NAVY SHIPS 
by 


Mark Thomas Stanko 
Submitted to the Departments of Ocean Engineering and Mechanical Engineering 
on May 1, 1992 in partial fulfillment of the requirements for the Degrees of Naval 
Engineer and Master of Science in Mechanical Engineering 


ABSTRACT 


The design of naval ships is a complex and iterative process. The propulsion system is 
selected early in the design cycle and it has significant impact on the ship design. A 
complete understanding of the marine propulsion engine alternatives is necessary to 
facilitate the design. 


Five types of marine propulsion engines have been examined and compared. They 
include an LM-2500 marine gas turbine, an Intercooled Recuperative (ICR) marine gas 
turbine, a series of Colt-Pielstick PC4.2V medium speed diesels, a series of Colt-Pielstick 
PC2.6V medium speed diesels, and an Allison 571-KF marine gas turbine module power 
pak. 


To facilitate an integrated propulsion systems study. an engine's computer model has 
been written that calculates the engine weight, volume, fuel consumption, and acquisition 
cost. Given user input for propulsor and transmission performance, the engine code will 
also calculate the required endurance fuel load in accordance with Navy standards. 

The Engine's computer code allows the user to employ different engine types for cruise 
and boost operating regimes. The model ensures that the engines are operated within 
their horsepower and RPM ratings and splits the propulsion load evenly when multiple 
engines are in use. 


The engine's computer code will be integrated into a complete propulsion systems 
computer code. This will facilitate the analysis of various propulsion alternatives for 
Navy ships. 


This thesis is one part of the three-part propulsion system study. The other two parts are 
the evaluation of transmissions for a ship's propulsion system, and the evaluation of 
propulsors for a ship's propulsion system. 


Thesis Supervisor: A. Douglas Carmichael, Professor of Ocean Engineering 
Thesis Reader: David Gordon Wilson, Professor of Mechanical Engineering 
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r tion 
1.0 Dackground 

The design of naval ships is a complex and iterative process. The ship design 
process involves defining the requirements and constraints, selecting and combining 
candidate technologies, and applying selected design standards in order to meet the 
requirements for the ship. The term design spiral has been used to describe the iterative 
Bue of this process cycle. The cycle must be repeated until the synergistic integration 

of the component technologies are deemed to satisfy the design requirements both 
| technically and politically. 

For naval ships, the combat systems and the propulsion plant are two major 
systems that have important impact on the ship design. A thorough understanding of the 
pros and cons of the candidate technologies for these systems is necessary to facilitate 
efficiency in the design spiral process. 

The propulsion system is selected early in the design spiral. Once the component 
technologies for the propulsion system have been selected, there is little flexibility for 

| change in the propulsion system. This further emphasizes the need to be able to define 
| and trade-off the propulsion component technologies both qualitatively and 
quantitatively. The trade-off should result in the optimum solution given the constraints 
x In the requirements statement. 

There have been many advances and improvements in naval propulsion 
technologies. These advances have occurred in each of the three major propulsion 
system components which include the marine propulsion engines, the transmissions, and 
the propulsors. The evolving component technologies should lead to potentially 


promising propulsion systems for future naval ship designs. It can be expected that the 





future propulsion systems will have significant performance and costs impacts on the 
ship designs. 

A study has been initiated to investigate the different propulsion technologies. One 
of the goals of the study is to determine which of the technologies has the most promise 
and deserves the emphasis for future designs. The individual propulsion component 
technologies have been identified and characterized [1]. The study is entering its second 
phase which will define and determine the relative merits of the different propulsion 
technologies as applied to different classes of ships. À second goal of the study is to 


develop a computer model for quantifying and analyzing propulsion system alternatives. 


The propulsion system study is centered around the development of a computer 
model for comparing alternative propulsion systems on a given ship class. The computer 
code, written in the computer language C, combines the characteristics of user selected 
individual propulsion system components and outputs the performance characteristics, 
weight, volume, and costs for the prospective propulsion system. Additionally, the 
impact of the propulsion system is determined for a selected ship class. For the study, 
two surface ship classes and one submarine are considered. The first surface ship class is 
the ARLEIGH BURKE (DDG 51) class destroyer. The second surface ship class is a 
naval amphibious ship class designated LX. 

The propulsion system analysis has been split into three areas of responsibility: 
propulsion engines, transmissions, and propulsors. Each team member is responsible for 
ensuring that their propulsion component's characterization and computer modelling 
integrates into the overall propulsion system model. Table 1 presents the three by three 


matrix representation of the project. 
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Table 1 Matrix of Ship Types and Propulsion System Components 
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This thesis focuses on the evaluation of marine propulsion engines for a surface 
ship's propulsion system. The development of the engine portion of the integrated 
propulsion system computer code is discussed. Five marine propulsion engines types are 
considered. They include an LM-2500 marine gas turbine, an Intercooled Recuperative 
(ICR) marine gas turbine, a series of Colt-Pielstick PC4.2V medium speed diesels, a 
series of Colt-Pielstick PC2.6V medium speed diesels, and an Allison 571-KF marine gas 
turbine module power pak. The user selected marine propulsion engines have their 
characteristics and performance specifications modeled and incorporated into the 

integrated propulsion system model. The engine computer code allows the user to 

employ different engine types for cruise and boost operating regimes. The model ensures 

that the engines are operated within their horsepower and RPM ratings and splits the 
propulsion load evenly when multiple engines are in use. The engine model also 
incorporates design standards and constraints to determine a given ship's fuel load 
requirements. The propulsion engines are compared in terms of weight, volume, fuel 
consumption, and capital cost. 

This thesis is one part of the three-part propulsion system study. The other two 
parts are the evaluation of transmissions for a ship's propulsion system, and the 
evaluation of propulsors for a ship's propulsion system. Ultimately, the three parts will 
be combined and integrated to determine the impact of various propulsion systems on a 


DDG class ship and an LX class ship. 








This chapter provides a detailed description for each of the five types of selected 
marine propulsion engines. For this study, three marine gas turbines and two series of 
medium speed diesels were considered. The gas turbines include two simple cycle and 
one intercooled and recuperative cycle. The diesels include two different power sizes of 
engines. All of the engines are only available in discrete sizes as provided by the 
manufacturer. 

The engines are classified as cruise or boost engines. The cruise engines are used 
to meet the ship cruise power requirement. The boost engines are used to meet the ship 
minimum sustained speed requirement. The propulsion plant configuration determines 
how a given engine is classified. In some configurations where there is only one engine 
type, the engine serves as both the cruise and boost engine. In configurations where 
there are more than one engine type, such as CODOG, the diesel is the cruise engine and 
the gas turbine is the boost engine. In a combined ICR and LM-2500 plant, the ICR 
would serve both cruise and boost operation while the LM-2500 would only serve boost 
operation. 

The Navy standard day conditions shown in table 2 were assumed for all gas 


turbine performance calculations. 





1009F Ambient Temperature 
14.7 psia Ambient Pressure 
4.0 in of H20 Intake Loss 
6.0 in of H20 Exhaust Loss 
40 % relative humidity 
18,400 Btu/lbm Lower Heating Value 
859F Seawater Inlet Temperature 
Table 2 Navy Standard Day Conditions 











The Diesel Engine Manufacturer's Association (DEMA) standard conditions shown 
in table 3 were assumed for all diesel performance calculations. The diesel jacket water 
pumps and lube oil pumps will be motor driven, thus their impact on SFC will be 
accounted to the electric plant prime mover. 

90°F Ambient Temperature 


14.7 psia Ambient Pressure 
No Engine Driven Jacket Water Pump 


No Engine Driven Lube Oil Pump 
18,360 Btu/lbm Lower Heating Value 


859F Intercooler Seawater Inlet Temperature 





Table 3 DEMA Standard Conditions 


2.1 LM-2500 Marine Gas Turbine 

| 

The LM-2500 marine gas turbine is a simple-cycle gas turbine or open Brayton- 
cycle engine. Figure | shows a picture of the engine and figure 2 shows a schematic of 
the simple-cycle gas turbine engine. The LM-2500 is currently rated for Navy use at a 
maximum of 26,250 BHP at 3600 RPM. The maximum output torque, limited by the 
output shaft flexible coupling, is 60,000 lb-ft. The engine is composed of two primary 


sections, the gas generator and the power turbine. The gas generator consist of a 16 stage 





axial compressor, an annular combustor , and a two stage high pressure turbine. The 
high pressure turbine exhaust to the low pressure or power turbine. The power turbine is 
aerodynamically coupled to the gas generator and consist of six stages. 

Ideally the engine power versus engine RPM is scheduled to produce the optimum 

SFC performance through the required operating range. This is possible for electric 
drive applications. However for mechanical drive applications, the power versus RPM 
scheduling is constrained by the required propulsor RPM scheduling. In this case, an 
estimate for the required engine power versus RPM can be approximated by applying 


equation (1) which gives a cubic loading relationship. 
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Figure | The LM-2500 Marine Gas Turbine [2] 
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Figure 2 The Simple Cycle Gas Turbine [3] 





(% Maximum BHP) = (% Maximum RPM)? (1) 
igure 3 shows the power turbine output BHP versus power turbine speed (NPT) 


btained by applying the cubic approximation in equation (1). 
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Figure 3 LM-2500 with assumed Cubic Loading 

The axial flow 16 stage compressor develops an overall 17:1 pressure ratio. The 
inlet guide vanes and the first six rows of variable stator vanes adjust to prevent 
‘compressor stall during variable speed engine operation. Up to 12 percent of the total 
engine air flow may be drawn off of the 16th stage to supply customer bleed air [4]. 
Drawing bleed air off of the engine while maintaining a given power requirement will 
cause the power turbine inlet temperature (T48) to rise. Equation (2) gives the increase 
in T48 as a function of the ratio of the bleed air flow (WB3) to the total engine air flow 
(W2). 

T48bleed = T48Bno-bleed * (1 + 1.167 * WB3/W2) (2) 


The LM-2500 is rated to a maximum T48 of 1625°F. If customer bleed is used during 
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high power operation, equation (2) must be applied to ensure that the engine is not 
outside of its T48 limit. 

Since the LM-2500 is a variable speed engine, the compressor discharge bleed 
pressure (PE3D) varies with engine BHP. Figure 4 shows the relation of PE3D with 
engine BHP. Equation (3) must be applied to the values obtained from figure 4 to allow 
for the decrease in PE3D as a function of the ratio of the bleed air flow (WB3) to the 
total engine air flow (W2). 


PE3Dpjeed = PE3Dno-bleed * (1 - 1.25 * WB3/W2) (3) 
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Figure 4 LM-2500 Bleed Air Discharge Pressure versus Engine BHP 
It is important to note that the engine's customer bleed air pressure drops off at the 
low power end. This performance can have significant impact if the engine is designated 
as the primary source to provide customer bleed air for systems such as prairie air, 
masker air, start air, and anti-icing air. A standard bleed air system on the DD 963 class 
destroyer and CG-47 class cruiser requires a normal bleed air pressure of 75 psia [5]. 


Applying equation (3) to the 75 psia bleed air pressure results in a required 78.9 psia for 
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16th stage bleed air pressure. From figure 4, this 16th stage bleed air pressure, assuming 
cubic engine loading, requires the engine to be operating at 2715 BHP. For a typical 
destroyer with a typical propulsion plant this minimum engine BHP required to maintain 
normal bleed air pressure would result in a ship speed of 8 to 12 knots (ship dependant). 
Below this speed, the bleed air pressure would drop below normal values. To alleviate 
this problem, the LM-2500 is not used as the primary source of bleed air. Instead the 
ship service gas turbine generator (SSGTG) serves as the primary source of bleed air. 
The SSGTG is a constant speed engine that operates over a relatively small power range. 
This results in the SSGTG providing a relatively constant bleed air pressure at 
approximately 100 psia. | 

The annular combuster contains 30 fuel nozzles mounted in swirl cups that provide 
for mixing. The engine is configured for liquid fuel (DFM or JP5) use, though it can be 
configured for natural gas or other novel fuels. An inlet diffuser to the combuster 
ensures that relatively uniform flow is seen by the combuster even though the compressor 
discharge pressure may be varying significantly. 

The two stage high pressure or gas generator turbine is used to drive the 
compressor and the accessory gear box. This portion of the turbine is subjected to the 
highest turbine temperatures and stresses. The blades uses special materials and film 
cooling through passages in the blades to allow for operating in the high temperatures. 

The six stage low pressure or power turbine is aerodynamically coupled to the gas 
generator turbine. The gas generator can be scheduled so that the power turbine operates 
between 900 and 3600 RPM. However, since this project allows for Propulsion Derived 
Ship Service (PDSS) electric power to be driven off of the power turbine output shaft; 
the power turbine will be restricted to operate between 1200 and 3600 RPM. This RPM 
range is required for the PDSS units as discussed in detail by Hultgren [6]. 

The Specific Fuel Consumption (SFC) for the LM-2500, assuming cubic engine 


loading, is shown in figure 5. An engine SFC model was developed, that maps the 
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engine SFC as a function of engine bhp and output RPM. The engine cubic loading 
shown in figure 3 was applied to this model to develop figure 5. The details for the 
development of the LM-2500 SFC model can be found in appendix A. 
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Figure 5 LM-2500 Engine SFC for Cubic Loading 
00. CHMHREEN 

The Intercooled and Recuperative (ICR) marine gas turbine is a modified open 
Brayton-cycle engine that includes intercooling and recuperation. The inclusion of 
intercooling and recuperation into the cycle is expected to provide a reduction in the 
SFC, compared to the simple gas turbine cycle, of 30 to 35 percent. The actual engine 
that will be used for Navy applications is not yet completely developed, however the 
required specifications for the engine have been published [7]. Figure 6 shows a picture 
of one of the proposed engine designs and figure 7 shows a schematic for that proposed 
ICR engine. The initial ICR engine will be rated for Navy use at a maximum of 26,400 
BHP at 3600 RPM. 








Figure 6 One of the Proposed ICR Marine Gas Turbine Designs[ 1] 
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Figure 7 AnICR Cycle Gas Turbine [8] 
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The ICR gas turbine is a twin spooled gas generator coupled to a multistage power 












urbine. Each spool of the gas generator has an axial flow compressor coupled to a 
'ompressor turbine. Between the two compressors, the air temperature is reduced by the 
ntercooler. The power turbine is expected to have variable stator blades to improve part- 
oad performance. Figure 7 shows how the individual gas generator turbines are 
nechanically connected to their respective compressors via concentric shafting, and also 
plicitly shows via the required logical air flow how they are aerodynamically coupled. 
e low pressure gas generator turbine exhaust to the power turbine. The power turbine 
s aerodynamically coupled to the low pressure gas generator. 
The ICR engine performs the intake air compression in two stages. The low 
»ressure compressor heats the intake air as it performs the work necessary for the first 
stage compression. The air exits the low pressure compressor and is passed to a heat 
xchanger where the temperature is brought to near ambient conditions. This process 
tep results in less work required by the high pressure compressor to complete the 
ompression process. 

The high pressure compressor discharge is drawn off of the engine and passed to 
he recuperator. The recuperator is a heat exchanger that transfers the heat energy from 
he exhaust gases coming off of the power turbine to the high pressure compressor 
lischarge air before it enters the combuster. As mentioned, the expected overall SFC 
'eduction has a result of combined intercooling and recuperation should be 30 to 35 

rcent. 

For the ICR engine, the power versus engine RPM should ideally be scheduled to 
»roduce the optimum SFC performance through the required operating range. This is 
»ossible for electric drive applications. However for mechanical drive applications, the 
JOwer versus RPM scheduling is constrained by the required propulsor RPM scheduling. 
As in the LM-2500 case, a first estimate for the required ICR engine power versus RPM 


can be approximated by applying equation (1) which gives a cubic loading relationship. 
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The ICR engine's specifications [7], assume that no customer bleed air will be 


provided by the engine. Based on this specification, it will be assumed that a SSGTG 


will provide customer bleed air if it is required for such services as prairie and masker 


air. 


The SFC for the ICR gas turbine, assuming the prescribed cubic engine loading [7], 


is shown in figure 8. An ICR engine SFC model was developed that maps the engine 


SFC as a function of the percent of total engine power. The details of the ICR SFC 


model can be found in appendix A. 
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Figure 8 ICR Gas Turbine SFC for Cubic Loading 


1-KF Marine G2 bine Module Power Pak 


The Allison 571-KF marine gas turbine is a simple-cycle gas turbine or open 


Brayton-cycle engine. Figure 9 shows a picture of the engine. The Stewart 
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Figure 10 The 571-KF Marine Gas Turbine Power Pak Module [10] 
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Stevenson Company has incorporated the engine into a gas turbine module power pak 
shown in figure 10. The module power pak features the 571-KF engine with a reduction 
gear and supporting auxiliary equipment all enclosed in a module and mounted on a 
common pallet. 

The 571-KF is currently rated for a maximum of 6000 BHP at 1800 RPM. The 
maximum output torque is 5,000 Ib-ft. The engine is composed of two primary sections, 
the gas generator and the forward drive power turbine. The gas generator consist of a 13 
stage axial compressor, an annular combustor , and a two stage high pressure turbine. 
The high pressure turbine exhaust to the low pressure or power turbine. The power 
turbine is aerodynamically coupled to the gas generator and consist of three stages. 

Ideally the engine power versus engine RPM is scheduled to produce the optimum 
SFC performance through the required operating range. This is possible for electric 
Brive applications. However for mechanical drive applications such as direct coupling to 
a waterjet, the power versus RPM scheduling is constrained by the required propulsor 
КРМ scheduling. In this case, an estimate for the required engine power versus КРМ сап 
be approximated by applying equation (1) which gives a cubic loading relationship. 


The axial flow 13 stage compressor develops an overall 12.7:1 pressure ratio. The 


compressor stall during variable speed engine operation. Up to 5 percent of the total 


| 

| 

| 

P guide vanes and the first five rows of variable stator vanes adjust to prevent 

| 

sine air flow may be drawn off of the 10th stage to supply customer bleed air [9]. 
| 


The annular combuster contains 16 fuel nozzles mounted in swirl gagisthat provide 





for mixing. The engine is configured for liquid fuel (DFM or JP5) use, though it can be 
configured for natural gas or dual fuel (natural gas and liquid fuel). An inlet diffuser to 

the combuster ensures that relatively uniform flow is seen by the combuster even though 
the compressor discharge pressure may be varying significantly. 

The two stage high pressure or gas generator turbine is used to drive the 


compressor and the accessory gear box. This portion of the turbine is subjected to the 


| 
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highest turbine temperatures and stresses. The engine is rated for a maximum high 
pressure turbine temperature of 1477°F. The turbine blades uses special materials and 
film cooling through passages in the blades to allow for operating at the high 
temperatures. 

The three stage low pressure or power turbine is aerodynamically coupled to the 
gas generator turbine. The gas generator is normally scheduled so that the power turbine 
operates between 6000 and 12,000 RPM. The module reduction gear ratio is 6.66, so the 
output RPM from the module is 900 to 1800 RPM. The manufacturer advertises an 
optional system that will allow for output RPM down to zero. However, for applications 
requiring Propulsion Derived Ship Service (PDSS) electric power to be driven off of the 
power turbine output shaft; the power turbine will be restricted to operate between 1200 
and 3600 RPM. This RPM range is required for the PDSS units as discussed in detail by 
Huitgren [6]. 

The Specific Fuel Consumption (SFC) for the 571-KF, assuming cubic engine 


loading, is shown in figure 11. 
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Figure 11 571-KF Engine SFC for Cubic Loading 
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An engine SFC model was developed that maps the engine SFC as a function of engine 
bhp. The details for the development of the 571-KF SFC model can be found in 
appendix A. 
t-Pielstick PC4.2V and PC2.6V Medium Speed 

The Colt-Pielstick medium speed diesels are open Diesel cycle, four stroke 
engines. Figure 12 shows a picture of the PC4.2V engine. The PC4.2V and PC2.6V 
engines are available in a range of power levels depending on the number of cylinders 
installed in the engine. Figure 13 shows the available engine ratings. Based on the 
projected ship propulsion power requirements for boost, the 16 cylinder PC4.2V engine 
will be the only diesel boost engine option. Based on the projected ship power 
requirements for cruise, the PC4.2V 10, 12, and 14 cylinder and the PC2.6V 10. 12.14. 


and 16 cylinder engines will be considered for cruise engine options. 












» 7 









i U 


(Өк 

































xs 


ni 











. 
A E М 
LT - “2 
= z 
AE 
5 Ж 
i 
"^ 
і à 
P A d 
IE 
le. E 
PR D 
> 
= Era 
6 
e 


Figure 12 Colt-Pielstick PC4.2V Diesel Engine [11] 
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Figure 14 provides a Де роп for the four stroke Colt-Pielstick diesel engine's 
principle of operation. The PC4.2V and PC2.6V are very similar in design and 
construction. The primary difference is in the power rating and thus size of the 
components. Both engines incorporate the vee cylinder arrangement. Direct reversing 
engines are available, but were not considered for this project. As a result either a 
reversing gear or a CRP propeller will have to be used for reversing. It is assumed that 
the diesels will be ran on DFM fuel at the conditions prescribed in table 3. The engines 
can be configured to run on various grades of heavy fuel. However, this requires 
upgrading the exhaust valves and engine fuel systems to run on the harsher fuel. The 
engines incorporate turbocharging with each bank of cylinders in the vee Sen ion 
served by its own turbocharger. 

The PC4.2V diesel engine is rated at 1629 BHP per cylinder. The engine operates 
between 125 and 400 RPM. The SFC for the engine, assuming cubic engine loading. is 
shown in figure 15. An engine model was developed that maps the engine SFC as a 
function of BHP and RPM. The details for the development of the diesel SFC model can 
be found in appendix A. 

The PC2.6V diesel engine is rated at 737 BHP per cylinder. The engine operates 
between 200 and 520 RPM. The SFC for the engine, assuming cubic engine loading, is 


shown in figure 16. 
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ENGINE DESCRIPTION - 
AND DATA © 


COLT-PIELSTICK PC4 2 DIESEL ENGINES 
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F1232-3 Jan. 1984 


Ғ1232-3 
June 1990 


PRINCIPLE OF OPERATION 
Diesel (Distiliste or Heavy Fuels) Engines 





These engines al operete on the ^ four stroke" 
cycle, that ls. al events - a mtake, Compression, 
fuel admission, Combustion, expansion, exhaust, 
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piston oF two revolutions of the crankshaft (720°). 
See Fig. 1. 
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Fig. 1 Timing Diagram - PC4.2/2V 


Figure 14 Colt-Pielstick Diesel Engine Principle of Operations [12] 
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Figure 15 PC4.2V Diesel Engine SFC for Cubic Loading 
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Figure 16 PC2.6V Diesel Engine SFC for Cubic Loading 
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-Omparison of The Marine Propulsion Engine 
3.0 Overview 

Determining the impact of a propulsion system on a ship requires that the analysis 
consider the synergistic integration of all the propulsion components. However, a 
comparison of the individual technologies within a component group can help to identify 
the specific individual promising technologies. With this motivation, the selected 
propulsion engines are compared. 

ngi i 

As described in chapter 2, the designated boost engines were selected to meet the 
projected power requirements for minimum sustained speed. Depending on the specific 
selection for the propulsion plant components. the engines may also be used for cruise 
operation. Table 4 provides a summary of the specifications for the boost engines. 

The information in the table is used by the engine computer code to define the 
engine characteristics. The information for each engine is listed in the same order has it 
is stored in the array called "boost engine specs(14]". The program code is a value used 
by the computer code to identify the engine type and control branching logic. 

Since the locations of the engines in the ship may vary depending on the propulsion 
system and the specific arrangement requirements, the intake and uptake ducting weight 
and volume will vary. Therefore the average weight per linear foot and the average cross 
sectional area per linear foot of ducting were calculated as detailed in appendix B and 
appendix C, respectively. Once the engine is placed and the length of ducting is known, 
the total weight and volume for the engine ducting can be calculated by multiplying by 


the known duct length. 
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LM-2500 |ICR Allison 
571-КЕ 
Power Pak 
Maximum Engine Power, 26,250 26,400 26,060 6000 
bhp | 
EB ues " 





Minimum Engine RPM 1200 1200 125 


Number of Cylinders, 
Diesel's onl 16 


Program Code IIA EA P 


Weight of Engine, lbs 59.000 120.000 15.000 | 


Linear Weight of Intake, lbs/ft 493.2 494.5 322.9 364.5 
Linear Weight of Uptake, lbs/ft 799.0 | 801.1 500.5 590.5 
Length of Engine, ft 26.5 265 42.7 15.8 
Width of Engine, ft 8.7 87 17.0 s. 


Height of Engine, ft 22.2 = 


Area Cross-section of Uptakes, 


f^2 162.5 62.5 


Br 


Table 4 Summary of Boost Engines’ Specifications 


Acauisition Cost, million 1991 $ 


The acquisition cost for the Allison 571-KF Power Pak was quoted by the 
manufacturer [13] and includes all of the module components but does not include the 
cost for spare parts. The other engines’ cost were reported from NAVSEA [14]. All gas 
turbine costs figures include the acquisition items shown in table 5. All diesel costs 


figures include the acquisition items shown in table 6. 
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Engine Cost 
Attached Auxiliaries 
Enclosure 
Control Module 


Removal Rails 
INCO Spares 
Tech Manuals 





Table 5 Summary of Gas Turbine Acquisition Cost Components 





Engine Cost 
Control Room Console 
Local Control Panel 
Recommended Spares | 
Tech Manuals and Drawings 
Field Support Service | 


Table 6 Summary of Diesel Acquisition Cost Components 
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Figure 17 Comparison of Boost engines' SFC performance versus BHP 
Figure 17 provides a comparison of the SFC for each of the boost engines as a 


function of BHP assuming cubic engine loading. It can be seen that the ICR engine's 


> 





SFC performance is very competitive with the diesel down to approximately 25 percent 


engine loading. 


12 PC42V Cruise Engine Onti 


Table 7 summarizes the specifications for the PC4.2V engines that are considered 
for cruise only operation. As before, the information in the table is used by the engine 


computer code to define the engine characteristics. The information for each engine is 
x 
listed in the same order has it is stored in the array called "cruise engine specs[14]". It 


is expected that only one PC4.2V cruise diesel will be required for cruise power. 


PC4.2V PC4.2V PC4.2V 

10 cvl l2 cyl 14 су] 
Maximum Engine Power, bhp 16,290 19.550 22,800 
Maximum Engine RPM 400 400 MS 


Minimum Engine RPM 125 125 [25 


Number of Cylinders, 
Diesel onl Е Ex 2 ae 


Program Code 


Weight of Engine, lbs 425,500 507,060 577,600 
Linear Weight of Intake, lbs/ft 2252519 279.6 302.0 
| Linear Weight of Uptake, lbs/ft | 395.7 433.4 468.1 


Length of Engine, ft 342 37.0 39.7 
Width of Engine, ft 17.0 17.0 17.0 


Height of Engine, ft 


eigh of Enginen [sa (252 [262 _ 
Area Cross-section of Intake, 

ft^2 12.6 12.6 12.6 

Area Cross-section of Uptakes, 

ft^2 19.6 19.6 19.6 


Table 7 Summary of PC4.2V Cruise Engines' Specifications 
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The average weight per linear foot and the average cross sectional area per linear 
foot of ducting were calculated as detailed in appendix B and appendix C, respectively. 
Once the engine is placed and the length of ducting is known, the total weight and 
volume for the engine ducting can be calculated by multiplying by the known duct 
length. The acquisition cost for the engines were reported from NAVSEA [14]. The 


diesel costs figures include the acquisition items shown in table 6. 


33 PC2,6V Cruise Engine Opti 


Table 8 summarizes the specifications for the PC2.6V engines that are considered 


PC2.6V PC2.6V PC2.6V PC2.6V 
10 суі |2 суі 14 суі 16 суі 
Maximum Engine Power, bhp 7370 8844 10,318 11,792 
B "Sur 
ШИ км = ш m m 
Be 


Diesel onl 

Program Code 

Weight of Engine, lbs 290275 145,530 163,375 183,015 
Linear Weight of Intake, lbs/ft 2032 21,2 


266.1 20085 314.9 >00 


Area Cross-section of Intake, 
ft^2 10.1 10.1 10.1 10.1 


Area Cross-section of Uptakes, 
RM 


Table 8 Summary 7 PC2.6V M Engines’ Senn: 
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for cruise only operation. As before, the information in the table is used by the engine 

computer code to define the engine characteristics. The information for each engine is 

listed in the same order has it is stored in the array called "cruise engine specs(14]". It 
is expected that two PC2.6V cruise diesels will meet the cruise power requirement in a 

split shaft operation configuration. 

The average weight per linear foot and the average cross sectional area per linear 
foot of ducting were calculated as detailed in appendix B and appendix C, respectively. 
Once the engine is placed and the length of ducting is known, the total weight and 
volume for the engine ducting can be calculated by multiplying by the known duct 
length. The acquisition cost for the PC2.6V engines were quoted by the manufacturer 


[15]. The diesel costs figures include the acquisition items shown in table 6. 
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Figure 18 Comparison of Selected Cruise Engines' SFC performance versus BHP 
Figure 18 provides a comparison of the SFC for four selected cruise engines as a 
function of BHP assuming cubic engine loading. It was assumed that the required 


average endurance power for cruise was 16,000 BHP. This power requirement can be 
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met by one 10 cylinder PC4.2V or two 12 cylinder PC2.6V diesel engines. It can be seen 
that at the assumed 16,000 cruise BHP, the ICR engine's SFC performance is very 


competitive with the diesels. 
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he Electric Plant Generator Set Consideration 


One of the functions of the engine computer model is to calculate the total fuel 










weight for the ship. The total required ship fuel weight is the sum of the propulsion plant 
endurance fuel weight and the electric plant endurance fuel weight. The specific details 
'or performing the calculations can be found in NAVSEA Design Standard 200-1 [16] 
d are described in appendix D. Since the electric plant endurance fuel weight has to be 
alculated and since more than one type of generator set is available for consideration, 
he performance, weight, size, and cost must be known for the electric plant generator set 
ptions. 

ric Pl lon 
For the DDG ship type, only two options for the electric plant generator sets were 
onsidered; the Allison 501-K34 SSGTG and the Propulsion Derived Ship Service 
enerator (PDSS). Table 9 summarizes the specifications for each of the units. The 
inear average weights and linear average cross sectional areas for the intake and uptake 
f the 501-K34 were calculated as per appendix B and C. The PDSS has no intake or 
ptakes. The other information for the 501-K34 and the PDSS came from Hultgren[6]. 
The acquisition cost were provided by NAVSEA [14]. 

It is assumed that the DDG requires three 2500KW generators. The engine 
omputer model allows for mixing PDSS and 501-K34 generator sets. However, as 
described in chapter 2, at least one 501-K34 gas turbine must be installed to meet the 
bleed air requirements. The average 24 hour electric load for the DDG is 2525KW [17]. 
Figure 19 shows the performance of the 501-K34 gas turbine with and without 


bleed air extraction and also shows the SFC performance for the two gas turbines that 
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Gen Set Gen Set Gen. Set 
Generator | Gear Converter 


Generator Set | 2500 2500 
Rating, KW 

NT I С 
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lbs/ft 
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ке Ta da 
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EE e a a 
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EET ы ы uo 
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Area Cross- 
section of 
Intake, ft^2 
Area Cross- 
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Acquisition 
2.3 1.0 1.0 ІЭ 


Cost, million 
Table 9 Summary of Specifications for DDG Electric Plant Generator Set options 
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1991 $ 


would be used to drive a PDSS unit. The engine SFC model is discussed in appendix A. 
A simple example demonstrates the SFC performance savings provided by PDSS. 
Assume that the average endurance power is 15,000 BHP and is being provided by 
one propulsion gas turbine. Also assume bleed air is required from one SSGTG and that 
the electric load of 2525KW is equally split between two generator units. From figure 
19, the SFC for the 501-K34 supplying the required bleed air is 0.9 Ib/hp/hr. If the 
second generator unit is a 501-K34 with no bleed air, its SFC is 0.8 lbMp/hr. If the 
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second unit is a PDSS driven off of an ICR engine, its SFC would be 0.35 Ib/hp/hr. If 


the second unit is a PDSS driven off of an LM-2500 unit, its SFC would be 0.45 Ib/hp/hr. 


Therefore, 


for 1260 KW being provided by the second generating unit; the 501- 


K34 with no bleed air would bum 1524 lb/hr of fuel. The PDSS driven off of the LM- 


2500 would only burn one half of that or 762 lb/hr. The PDSS driven off of the ICR 


would burn 592 


SFC, IbMp/hr 


lb/hr. 


| SFC assuming cubic loading 


| ?—— —* K34 w/bleed 
i | ———— |CR 


A i \ c-----6 K34 no bleed 
BS 


"E $— LM2500 


0 1x10* 2x10* 3x10* 


Engine BHP 


Figure 19 SFC Performance for the DDG Generator Set Options 
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For the proposed LX ship type, three options for the electric plant generator sets 
were considered; the Allison 501-K34 SSGTG, the Caterpillar 3612 Diesel generator, 
and the PDSS. Table 10 summarizes the specifications for each of the units. The linear 
average weights and linear average cross sectional areas for the intake and uptakes of the 
501-K34 and the Cat 3612 were calculated as per appendix B and C. The PDSS has no 
intake or uptakes. The information for the 501-K34 and the PDSS came from 
Hultgren[6]. The information for the Cat 3612 came from the manufacturer [23]. The 
acquisition cost were provided by a manufacturer representative [27]. | 

The LX is still in the conceptual stage, however the projected average 24 hour 
electric load is 3190 KW and the projected worst case loading is 7000KW [14]. Since 
standard practice is to assume one generator is not available, it will be assumed that four 
2500KW generators will be required. The engine computer model will allow for mixing 
PDSS only with 501-K34 generator sets. It is asssumed that the LX will have no bleed 


4 requirements. The Cat 3612 is assumed to have an SFC of 0.353 Ib/hp/hr [14]. 








Allison CAT 3612 PDSS PDSS PDSS 

501-K34 Gen. Set Gen set Gen Set Gen. Set 

Gen. Set Generator | Gear Converter 
Rating, KW 


uhr i [ez [xao [oo 
| Set, lbs 60,259 102,000 15000 1-10 ,100, 


Linear Weight 

of Intake, 358.6 115.8 0 
Ibs/ft 

Linear Weight | 

of Uptake, 579.4 179.5 

]bs/ft 


Ee Ls s FR 
Set, ft 7.0 

Cc PO | EP PP 
Set, ft 

! Set, ft 


Area Cross- 
section of 


Intake, ft^2 


Area Cross- 
| section of 
| Uptakes, fin? 


Acquisition 
Cost, million 
1991 $ 


123.8 ү 








Table 10 Summary of Specifications for LX Electric Plant Generator Set Options 
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The integrated propulsion system computer code, written in the computer language 
C, will determine the fuel performance, weight, volume, and costs of user selected 
propulsion systems for a destroyer type ship and an amphibious type ship. The computer 
code will consist of various functions developed for the analysis. The functions can be 
generally categorized. The five basic function categories are input/output, resistance, 
propulsors, transmissions, and engines. A brief overview of the proposed integrated 
propulsion system computer code will be provided so that the specific requirements for 
the engine functions of the computer code will be clear. A simple flow chart will be 
P 

Ih i Г 

Figure 20 presents a simple flow chart to describe the basic structure of the 

roposed integrated propulsions system computer code. The first task for the code is to 

perform the input operation. The input operation provides an interactive user interface 
that guides the user through the selection of the individual components for the propulsion 


system. A detailed description of this operation will be described in the next chapter. 





Once the propulsion system has been defined, the computer code determines the 
aximum power that is available from the selected types and selected numbers of 
ropulsions engines. This information is required early in the program in order for the 


'esistance function to determine the limiting ship speed given the available power. 
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Select Proposed Propulsion System 
Calculate Maximum Available Power 







Perform Baseline Ship's Resistance 
Calculate Resistance of Ship with Baseline Propulsion System 
at 20 Knots, at Propeller Design Speed, and at Maximum Power 





Perform Modified Ship's Resistance 
Calculate Resistance of Ship with Modified Propulsion System 
at 20 Knots, at Propeller Design Speed, and at Maximum Power 


m————— 


Perform Propeller Desien w 


Perform Transmission Design 


Calculate the Fuel Load for Endurance Requirement 





Calculate W-.zht of Modified Propulsion Svstem 


Calculate New Ship Displacement Based on Modified Propulsion System 
and Fuel Load 


Convergence Test: Change in Calculated New Ship Displacement is 
Less Than a Specified Convergence Criterion 


Perform Life Cycle Cost 


Figure 20 Proposed Integrated Propulsion System Computer Code Structure 





The baseline ship's resistance function applies specific ship characteristics to 
determine the hull powering requirements. This information includes the baseline ship's 
displacement, length, beam, draft, and prismatic coefficient. The hull resistance is 
calculated at the endurance speed of 20 Knots, at the propeller cavitation limited design 
speed, and at the speed corresponding to the maximum available power. With the power 
requirements defined at the described conditions, the computer code steps through the 
design of the propeller, the design of the transmission, and the calculation of the fuel 
load. The weight of the fuel load and the weight of the new propulsion system 
components are summed to develop the new ship displacement. With a new ship 
displacement, the hull powering requirements must be recalculated and the described 


design loop repeated. The loop continues until a specified convergence criterion is 


satisfied. 

After convergence of the resistance loop, the Life Cycle Cost (LCC) is calculated 
x for the modified ship and propulsion system. The LCC calculation will determine the 
annual fuel consumed given an assumed operating profile. 

The final task of the computer code is to output the weight, volume, performance, 
“acquisition cost, and life cycle cost for the user selected propulsion system has applied to 


the specific ship type. 


x 
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This chapter provides a discussion of the engine related functions written to 
support the integrated propulsion systems computer code. The individual engine 
functions are combined to produce a stand-alone engine's program. Figure 21 presents a 
simple flow chart showing the basic structure of the stand-alone engine's program. The 
program employs user selected values for the required endurance EHP, Quasi-Propulsive 
Coefficient (QPC), propulsor RPM, transmission ratio, and transmission efficiency. 
These user input "dummy" values or "stub" functions will eventually be replaced by the 


appropriate functions in the integrated propulsion svstems program. 


Select the Proposed Propulsion Svstem 


Load the Specifications for the user selected engines 





into the main function s engine specification arrays 


Figure 21 The Engine's Program Computer Code Structure 
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The stand-alone engine's program outputs the fuel load, the weight for all engines, the 
volume for all engines, the operating performance for all engines, and the acquisition 


cost for all engines. 


6.1 The Engine s Program Computer Code 

The individual functions that make-up the stand-alone engine's program are shown 
in table 11. The functions are shown in their function prototype format which shows 
each function's retum type and each function's arguments. A discussion for each function 


will follow. The engine program functions are shown in appendix E. 


int user. interface( void) 
void mechanical. drive(void) 
void electric. drive(void) 
void mech elec hybrid drive(void) 
void multiple waterjet(void) 
void main engine specs(boost engine specs) 
void endurance engine specs(boost engine specs, cruise engine specs) 


double fuel load(ehp cruise, qpc. cruise, xmission eff cruise, 
rpm prop cruise, gear ratio, cruise engine specs, main engine max pwr) 


double engine. sfc( bhp, rpm, number cylinders, eng. type) 
double 1m2500  map( engine bhp, engine rpm) 
double pc42 sfc map( engine bhp, engine rpm, number cylinders) 


double pc26 sfc map( engine bhp, engine rpm, number. cylinders 


Table 11 Listing of the Engine Functions 
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The first five functions shown in table 11 perform the input operation. They 
provide an interactive user interface that guides the user through the selection of the 
individual components for the propulsion system. The user selected choices are stored in 
17 by 2 two dimensional array called plant_map which is shown in table 12. Each cell 
of the array contains information about the propulsion system. The individual cells, 
shown in table 12, display all the possible values for a given selection. However in some 
cases, depending on the selected drive system, not all of the possible values will 
available. The functions incorporate bounds checking to ensure that the user only inputs 
one of the accepted values. The plant map array is declared has a global array so that 
any function can access the plant map array to obtain information about the proposed 
propulsion system. 

The user_interface function initiates the input process. However, the logic required 
О step through the entire input process depends on the type of drive system. Therefore 
he user, interface function calls one of the next four functions to complete the input 
process. At the end of the selection process, the user interface function provides a 
summary of the selections and offers the choices of running the program, re-selecting the 
propulsion system, or quitting the program. 

If the propulsion system is mechanical drive, the mechanical drive function steps 
through the input process. The function's logic allows for two or three propulsion shafts. 
[f three propulsion shafts are selected, the cross-connect gear option is not allowed. The 
user Selects either the LM-2500, the ICR, or the 16 cylinder PC4.2V as the boost engine. 
[f the LM-2500 is selected, then the user is given the opportunity to select a different 
type of engine for cruise. The cruise engine options are the ICR, the 10 cylinder 
PC4.2V, or the 10 cylinder PC2.6V. The fuel_load function, called later in the program, 
will check the power ratings on the cruise diesels and if necessary, it will automatically 
increase the number of cylinders to meet the endurance power requirement. The user 


then selects the number of cruise engines and the number of boost engines that will be 
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PLANT MAP [ ](0] 
CRUISE CONDITION 





PLANT. MAP [ J[1] 























BOOST CONDITION 





NUMBER OF PROPULSORS USED FOR 
CRUISE: 
I = ONE 





NUMBER OF PROPULSOR S USED FOR 
BOOST: 








2e TWO 
3e THREE 
4 = FOUR 
6 = SIX 
8 e EIGHT 
PROPULSOR DESIGNATION CODE: HYBRID DRIVE XMISSION TYPE: 
| e FPP 0 = NONE 
2 = CRP | = ELECTRIC TO MECH 
3e CONTR A-ROTATING 
4 e PRESWIRL STATOR 
5 = DUCTED FPP 
6 ә DUCTED CRP 
7 = DUCTED CONTRA 
8 a DUCTED PRES WIRL 


9 e WATERJET 






TRANSMISSION DESIGNATION CODE: TRANSMISSION TYPE CODE 






1 = MECHANICAL DRIVE 0 = NONE 









ROW[2] 2 = ELECTRIC DRIVE 1 = EPICYCLIC 








32 HYBRID 2eLTDR 





4 = MULTIPLE WATERJET 3e LTDR w/REVERSING 


4e LTDR W/CROSSCONNECT 






CRUISE ENGINE TYPE CODE: BOOST ENGINE TYPE CODE. 



































































| ROW{3] 0 = NONE 0 = NONE 
| ] = ICR GAS TURBINE | «LM-2500 GAS TURBINE 
2 = PC 42 DIESEL 2 = ICR GAS TURBINE 
| 3 = PC 2.6 DIESEL 3 e PC 42 DIESEL 
| 4 = LM -23500 POWER PAK 
$ æ ALLISON $71-KF 
TOTAL NUMBER OF THE DESIGNATED TOTAL NUMBER OF THE DESIGNA TED 
| BOOST ENGINE TYPE USED FOR BOOST ENGINE TYPE USED FOR 
| CRUISE OPERATION: MAXIMUM BOOST OPERATION: 
| ROW[4] 0 e NONE | = ONE 4 e FOUR 
| l = ONE 2e TWO 
| 2e TWO 3e THREE 
TOTAL NUMBER OF THE DESIGNATED TOTAL NUMBER OF THE DESIGNATED 
CRUISE ENGINE TYPE USED FOR CRUISE ENGINE TYPE USED FOR 
| CRUISE OPERATION: MAXIMUM BOOST OPERATION: 
| ROW[5) Ое МОМЕ 0 e NONE 3 = THREE 
| 1 » ONE l= ONE 4 « FOUR 
| 2e TWO 2e TWO 
| PDSS WILL BE USED FLAG: THE NUMBER OF PDSS THAT WILL BE USED- 
| Ое МОМЕ 4 e POUR 
| ROW[6) 1 = ONE 5 = SIX 


2 = TWO 6 = EIGHT 





3 = THREE 


x Table 12 The plant_map[7][2] Integer array. 





used for cruise and boost operation. The program allows the ICR cruise type engine to 
be used for boost operation, but does not allow the diesel cruise type engines to be used 
for boost operation. Finally, if all the engine types are all gas turbine, the user is given 
the option to select PDSS driven off of the gas turbine output shafts. 

If the propulsion system is electric drive, the electric drive function steps through 
the input process. This function's logic only allows for two propulsion shafts. The user 


selects either an epicylic gear or direct drive between the motor and propulsor . Only one 


engine type is allowed for all operating regimes and the choices are LM-2500 or ICR. 


The user selects the number of engines that will be used for cruise operation and the 
Bamber of engines that will be used for boost operation. The user is given the option to 
elect PDSS driven off of the gas turbine output shafts. 

If the propulsion system includes diesel electric for cruise, the 
E s function steps through the input process. This function's logic 


only allows for two propulsion shafts and assumes that one LM-2500 mechanically 


drives each gear. The user has the option to also allow for one additional LM-2500 


driving a generator that drives motors connected to each shaft's gear. The program 
assumes that the cruise diesel is a 10 cylinder PC4.2V. PDSS is not allowed. 
x A multiple waterjet propulsion system is allowed. The program assumes the 

lison 571-KF will be the engine and that each engine is coupled to a waterjet. The 
iser selects the number of engines used for cruise and boost. A PDSS option is 
»rovided. 
| With the proposed propulsion system stored in the plant map array, the 
- for the selected engine types are required. The function call 
main engine. specs will return the specifications for the boost engine. The specifications 


data for all the boost engine types are stored in a 14 by 5 two dimensional array called 


oost engine options. Table 4 of chapter 3 shows the contents of each cell of that array. 
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Each column of the array corresponds to one of the boost engine types. Each row 
of the array contain the specifications for engine ratings, weight, volume, and acquisition 
cost. The function uses the engine type code to select the column corresponding to the 
selected boost engine type. The boost engine specifications are returned to the main 
function in a 14 cell one dimensional array called boost engine specs. 

The function call endurance engine specs will return the specifications for the 
cruise engine. The cruise engine specifications are returned to the main function in a 14 
cell one dimensional array called cruise engine specs. The specifications data for the 
cruise engine types are stored in a 14 by 3 two dimensional array called 
cruise engine options. Each column of the array corresponds to one of the cruise engine 
types: ICR, 10 cylinder PC4.2V, or 10 cylinder PC2.6V. Each row of the array contains 
the specifications for engine ratings, weight, volume, and acquisition cost. The function 
uses the engine type code to select the column corresponding to the selected cruise 
engine type. If no cruise engine type has been selected, then the boost engine must also 
be used for cruise. In this case, the array called cruise, engine, specs is loaded with the 
boost engine specs array data. 

The maximum available engine power used to determine the maximum speed is 
calculated by adding the boost engine rated power multiplied by the number of boost 
engines used for boost plus the cruise engine rated power multiplied by the number of 
cruise engines used for boost. 

The next step in the engines program is to input the endurance EHP, the propulsor 
and transmission power efficiencies, and the RPM requirements. For the integrated 
propulsion systems program, this information will come from the resistance, propeller, 
and transmission functions. This information is passed to the fuel load function. 

The function called fuel load calculates the required fuel weight to meet the 
endurance requirements for the ship. The details of the standards and requirements for 


the calculation are provided in appendix D. The function has two major branches that 
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yrovide separate logic for the Propulsion Derived Ship Service Generator (PDSS) not 
nstalled option and the PDSS installed option. 

The PDSS not installed branch assumes that the cruise power required is equally 
plit between each on-line cruise engine. Additionally, the average 24 hour electric load 
s assumed to be split equally between two generator sets. The average endurance BHP 
s calculated for each engine. As described in appendix D, the average endurance BHP 
ipplies a 10 percent margin to the power requirement. The function checks and ensures 
hat the total installed cruise engine power will meet the average endurance BHP 
equirements. 

As mentioned aller. if the cruise engine type is selected by the user has either a 
'C4.2V diesel or a PC2.6V diesel, the program assumes that the 10 cylinder diesel size is 
idequately sized to meet the power demand. If the 10 cylinder diesel is not large enough 
o meet the average endurance power requirement per cruise engine, the function 
jutomatically increases the diesel to the next larger size. This process is repeated until 
ither the diesel engine becomes large enough or the available diesel engine sizes are 
xhausted. This procedure should result in the optimum cruise diesel engine size. If a 
arge enough diesel is found, then the cruise engine specs array is loaded with the new 
ruise engine specifications data. If the required power can not be met, an error 
Bones is printed and the program is terminated. 

With the required engine BHP and RPM for a specified engine type, the function 
alled engine. sfc is used to calculate and return the uncorrected SFC. The uncorrected 
'FC is the SFC reported by the manufacturer's data at the specified engine BHP and 


| 


(PM. Appendix D outlines the corrections to the manufacturer's SFC value required for 
i. standard endurance fuel weight calculations. Appendix À provides a detailed 
:xplanation for the modelling of the individual engine's SFC performance. It should be 
ioted that the individual engine SFC functions are written so has to only require the 
q BHP, RPM, and the number of cylinders (in the case of the diesels). This makes 
: 





the individual engine SFC functions very portable, which will facilitate the Life Cycle 
Cost calculations. 

Once the uncorrected engine SFC is returned to the fuel load function, the logic 
applied to determine the propulsion fuel weight is straight forward as outlined in 
appendix D. 

The electric fuel weight is also calculated as outlined in appendix D. The DDG 
ship type will require bleed air from the Ship Service Gas Turbine Generator (SSGTG). 
The LX ship type wul not require any bleed air. The percentage of time that bleed air 
will be extracted from the SSGTG is stored in the preprocessor #define variable called 
ENDUR_PCT_BLD. This predefined variable is set at 0.5 or 50 percent of the 
endurance time with bleed. The electric fuel weight for any percentage of bleed time can 


:asily calculated by changing this predefined variable in the source code. The average 





electric SFC is equal to the bleed SFC multiplied by ENDUR PCT BLJD plus the no- 


Med SFC multiplied by one minus ENDUR PCT BLD. 





The PDSS installed branch assumes that the cruise power required is equally split 
»etween each on-line cruise engine. However, the logic only allows the PDSS option if 
ul the engine types are gas turbine. For most of the propulsion systems to be considered 
n the integrated systems study, one LM-2500 or one ICR engine will meet the cruise 
i. requirement. Іп this case, the average 24 hour electric load is assumed to be split 
:qually between one SSGTG and one PDSS generator set. Additionally, the SSGTG will 
»rovide bleed air has determined by the ENDUR РСТ BLD variable's value. 
| It may be possible that for some of the propulsion systems to be considered in the 
R... systems study, that more than one PDSS unit will be on-line during cruise. In 
his case, the average 24 hour electric load is assumed to be split equally between one 
| 


jSGTG providing bleed air and the total number of on-line PDSS generator sets. The 
iSGTG will provide bleed air has determined by the ENDUR PCT BLD variable's 





value. For the endurance time that does not require bleed air, the electric load will be 
assumed to be only split between the on-line PDSS units. 

The function checks and ensures that the total installed cruise engine power will 
meet the average endurance BHP requirements plus the additional PDSS load 
requirements. If the cruise engine selections will not meet this requirement, an error 
statement is printed and the program is terminated. The rest of the calculation are the 
same as for the no PDSS option. 

The fuel load functions adds the propulsion fuel weight and the electric fuel 
weight and returns the endurance fuel weight load to the main function. 

The last step is to output the results of the program. The program outputs the 
significant data used in the fuel calculations and the fuel calculation results. Additionally, 
the cruise engine s specifications and the boost engine's specifications are displayed. 
Appendix F shows the specific format of the output for three variations: cruise with no 
PDSS, cruise with one PDSS, and cruise with more than one PDSS. 


Table 13 shows all the preprocessor #define statements used tn the program. 


INLET LOSS 4.0 inches H20 


EXHAUST LOSS  6.0inches H20 


HUMIDITY . 116.2 grains 
RANGE 6000 Nautical Miles 
ENDUR_SPD 20.0 Knots 
| ENDUR PCT BLD 0.50 
AVG ELEC LOAD 25250KW 





| TAIL PIPE ALLOWANCE 1.02 


Table 13 Listing of All Preprocessor #define Variables 
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These predefined variable can easily be changed in the source code to change the 
value of the information they represent. The source code shown in appendix E contains 
the values shown in table 13. These values apply to the DDG. The source codes for the 
LX will require that some of these predefined variables are changed. Additionally, if 
diesel generating sets will be used for the LX, the LX source code will require their SFC 
performance to be included in the fuel load function. The present source code assumes 


only Allison 501-K34 SSGTGs are used. 


55 





| Chapter 7 
| 

summary 
| Five types of marine propulsion engines have been examined and compared. They 
linclude an LM-2500 marine gas turbine, an Intercooled Recuperative (ICR) marine gas 
turbine, a series of Colt-Pielstick PC4.2V medium speed diesels, a series of Colt-Pielstick 
PC2.6V medium speed diesels, and an Allison 571-KF marine gas turbine module power 
рак. 
| To facilitate an integrated propulsion systems study, an engine's computer model 
has been written that calculates the engine weight, volume, fuel consumption, and 
TM cost. Given user input for propulsor and transmission performance, the 
engine code will also calculate the required endurance fuel load in accordance with Navy 
standards. 


The Engine's computer code allows the user to employ different engine types for 





| cruise and boost operating regimes. The model ensures that the engines are operated 
within their horsepower and RPM ratings and splits the propulsion load evenly when 
multiple engines are in use. 

The engine's computer code will be integrated into a complete propulsion systems 


computer code. This will facilitate the analysis of various propulsion alternatives for 


Navy ships. 
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Appendix À 
ific F nsumption Modellin; 

Overview 

The Specific Fuel Consumption (SFC), in units of Ib/HP/hr, is modelled for each of 
the five discussed propulsion engine types and for the electric plant generator set engines 
using the standard conditions described in chapter 2. The manufacturers provided the 
SFC data for the engines with the exceptions of the ICR engine and the Allison 501 -K34. 
The ICR engine SFC data is as specified in the Navy solicitation (7] for the ICR engine. 
The Allison 501-K34 SFC data was taken from a paper by Halsev[22]. For the ICR 
»ngine, the SFC data represents the maximum allowable SFC at the specified engine 
perating points. For all of the other engines, the SFC data has a manufacturer declared 
+/- 3 percent tolerance to allow for variations in individual engine performance. 
| 
x М-25 | l 

The LM-2500 SFC data, provided by the manufacturer [4], is specified for discrete 
E" BHPs and RPMs. Figure 1 shows the specific SFC data points that were used to 
map the engine's SFC performance. It should be noted that other pertinent engine 
yerformance data is provided at these same operating points. 
x For the LM-2500, the engine exhaust parameters were also mapped at these data 
»oints to allow for the future consideration of bottoming cycles applied to the LM-2500 
*ngine exhaust. The exhaust parameters mapped include: exhaust duct discharge total 
E (T8), exhaust duct discharge total pressure (P8), exhaust duct discharge flow 
W8), and exhaust duct discharge specific heat (CP8). 

The above mentioned LM-2500 engine performance parameters were incorporated 
nto the engine portion of the integrated propulsion system computer code. The code's 
unction call "Im2500_map (engine_bhp, engine_rpm)" will return the described engine 


?erformance parameters. 





| 
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Figure l LM-2500 SFC Data Points 

The Im2500 map function applies linear interpolation between the data points, as 
prescribed by the manufacturer, to determine the engine performance parameters for a 
given engine BHP and RPM. The function includes bounds checking to ensure that the 
specified engine BHP and RPM are within the limits of the data points shown in figure 1. 

The engine performance parameters, as determined by the manufacturer's data at 
the specified data points, assume that there are no inlet losses and no exhaust losses and 
that the relative humidity is at zero percent. The following correction factors determined 
by equations (1) through (15) must be multiplied by the uncorrected engine parameter to 


correct for inlet and exhaust losses (in inches of H2O) and for humidity (measured in 


grains) values greater than zero percent. 


inlet sfc factor 2 0.001125 * INLET LOSS +1 (1) 
exhaust sfc factor 20.001295 * EXHAUST 1055 + 1 (2) 
humidity, sfc. factor 2 0.0000387 * HUMIDITY +! (3) 
inlet T8 factor 2 0.001875 * INLET LOSS +1 (4) 
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exhaust T8 factor 2 0.00098 * EXHAUST LOSS «I 


(3) 


humidity_T8_factor = -0.0000057 * HUMIDITY +1 (6) 
inlet W8 factor 2 -0.001375 * INLET LOSS « I (7) 
| exhaust W8 factor 2 0.0003636 * EXHAUST 1055 + 1 (8) 
humidity W8 factor = -0.00005 * HUMIDITY +1 (9) 
inlet_P8_factor = 0.0 * INLET_LOSS + 1 (10) 
exhaust_P8_factor = 0.00245 * EXHAUST_LOSS + 1 (11 
x humidity_P8_factor = 0.0 * HUMIDITY +1 (12) 
inlet_CP8_factor = 0.0004 * INLET_LOSS + 1 o 
exhaust CP8 factor 2 0.002 * EXHAUST LOSS «I 14) 


humidity CP8 factor 2 0.000125 * HUMIDITY +I 


CR SEC Model 
= The ICR engine SFC data is specified in the Navy solicitation [7] for the ICR 
ngine. The maximum allowable SFC as a function of the percentage of engine BHP is 
E. for seven engine BHP values. Figure 2 shows the seven specified SFC data 
oints and the curve fit used to describe the ICR engine SFC as a function of the 


sema of BHP. The computer software EASYPLOT!M was used to find the least 


quares fit. 





The ICR engine SFC performance function shown in figure 2 was incorporated 
[Р the engine portion of the integrated propulsion system computer code. The code's 
unction call "engine. sfc(bhp, rpm, eng type)" , with eng type selected for ICR, will 


| 


E" the ICR engine SFC performance parameter. 


| 
| 
| 
| 
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curve fit: 
SEC = 0.2353(%BHP)® + 0. (520254) | 
a = -0.3485; b = 1.487 ] 


error? = 0.000176 
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Figure 2 ICR Engines SFC Performance versus BHP 


Allison 571-KE SFC Model 

The Allison 571-KF engine SFC data is provided by the manufacturer [18]. The 
engine SFC as a function of BHP is specified for seven discrete BHP values. Figure 3 
shows the seven specified SFC data points and the curve fit used to describe the ICR 
engine SFC as a function of BHP. The computer software EASYPLOT!M was used to 
find the least squares fit. 

The 571-KF engine SFC performance function shown in figure 3 was incorporated 
into the engine portion of the integrated propulsion system computer code. The code's 
function call "engine. sfc(bhp, rpm, eng type)" , with eng type selected for 571-KF, 


will retum the Allison 571-KF engine SFC performance parameter. 
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| Figure 3 Allison 571-KF Engine s SFC Performance versus BHP 

PC42VY SEC Model 

| The PC4.2V SFC data, provided by the manufacturer [19]. is shown in figure 4. In 

order to incorporate the graphical SFC data into the engine computer code, the engine 

| SFC values at the discrete engine BHP and RPM data points shown in figure 5 were 

| stored in an array. The engine code's function call "pc42 sfc map(engine bhp, 

| engine rpm, number cylinders)" performs linear interpolation between the data points 

x and returns the engine SFC parameter. The function Includes bounds checking to ensure 
that the specified engine BHP and RPM are within the limits of the data points shown in 

figure 5. Additionally, the specified engine BHP and RPM are checked to ensure that 
they are not outside the fuel rack limitations shown is figure 6. Note that the SFC is 
determined on a per cylinder basis. Multiply by the number of cylinders to obtain the 
engine BHP. 

For the life cycle cost analysis, the engine SFC for low engine BHP values is 


required. Figure 6 shows that the limiting BMEP per cylinder is 29 psi which equates to 
44.27 BHP at 125 RPM. The SFC values, from figure 4, are not provided for this low 
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power operating regime. To estimate the SFC values for low cylinder BHP operation, 
| | 
the provided SFC data was extrapolated down to the low cylinder power operation as 


shown in figure7. 


PC2.6V SEC Model 
| The PC2.6V SFC data, provided by the manufacturer [21], is shown in figure 8. In 


| 
| ' Р Р 
order to incorporate the graphical SFC data into the engine computer code, the engine 


SFC values at the discrete engine BHP and RPM data points shown in figure 9 were 


er in an array. The engine code's function call "pc26 sfc map(engine bhp. 


| 


engine rpm, number cylinders)" performs linear interpolation between the data points 
and returns the engine SFC parameter. The function includes bounds checking to ensure 
that the specified engine BHP and RPM are within the limits of the data points shown in 
б... 9. Note that the SFC is determined on a per cylinder basis. Multiply by the 

| 


number of cylinders to obtain the engine BHP. 

For the life cycle cost analysis, the engine SFC for low engine BHP values is 
x 
RPM. The SFC values, from figure 8, are not provide for this low power operating 
| 


required. The limiting BMEP per cylinder is 29 psi which equates to 25.8 BHP at 200 


regime. To estimate the SFC values for low cylinder BHP operation, the provided SFC 


data was extrapolated down to the low cylinder power operation as shown in figure 10. 
Allison 501-K34 SFC Model 
| The Allison 501-K34 SFC data is as specified by Halsey [22]. The engine SFC as 


a function of BHP, for both the no bleed air and the bleed air extraction conditions, is 


specified for several discrete BHP values. The computer software EASYPLOT!M was 


used to find the best least squares fit. A fifth order polynomial provided the best fit. 


Figure 11 shows the discrete data points and the resulting curve fit. Equation (16) gives 





the no bleed air extraction SFC and equation (17) gives the bleed air extraction SFC, 


| 
| 64 








poth as a function of engine BHP. The engine computer code incorporated these 


equations for the SFC values of the 501-K34. 


SFCpo.bleed = 3.12*107 I BHP? 4 1.332*10 lÓB np? 4.17107! 1 pup? 


3.06*10° BHP - 9.14*10°4BHP + 1.58 


SFChleeq = 2.34" 10°! BHP? - 5.27*10° !°BHP* + 1.24*10°! BHP? + 


1.35*10° BHP? - 7.43*10° ^BHP « 1.67 
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Figure 11 Allison 501-K34 SFC Performance versus BHP 
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Appendix B 
Ке ап ke Weigh Iculation 
Intake Weight Calculation 


| * 


The intake weight estimating algorithm is based on the procedure used in ASSET 
[24]. The intake is assumed to include the moisture separators, louvers, built-in plenums, 


and acoustical insulation required to support both propulsion air and module cooling air. 


The intake weight algorithm provides the weight per linear foot of ducting for gas 


turbines and diesels. 


The gas turbine intake weight algorithm is based on the intake component weights 


from the FFG-7 and the DD-963. These component weights were used to develop the 


total gas turbine intake weight per linear foot of ducting, Wet intake + for a single gas 


turbine engine at rated power, Pg, , has: 

| 

Wer intake 7 0.013 * (Pg,^2 - 7.5 *10^9^0-5 , 1b/ft (1) 

The diesel intake weight algorithm is based on manufacturers data from Colt- 


Pielstick and DeLaval. The total diesel intake weight per linear foot of ducting, 
Wdsl_intake » for a single diesel engine at rated power, Pgg] , is: 


9 


| 
| 
| 
| 
x 
| 
| 
22 Wdsl_intake = 2.0 * Pasl A9-3 , 1b/ft (2) 
x The rated power for each engine was entered into the appropriate equation to 


е the linear weight of the intake. 


Uptake Weight Calculation 


Has before, the uptake weight estimating algorithm is also based on the procedure 





used in ASSET [24]. The uptake weight algorithm provides the weight per linear foot of 
| | 


l 
| 


ducting for gas turbines and diesels. 


FFG-7 and the DD-963. These weights were used to develop the total gas turbine 


| 


The gas turbine uptake weight algorithm is based on the uptake weights from the 
| 
| 


| 


DES 





iptake weight per linear foot of ducting, Wet_uptake » for a single gas turbine engine at 
ated power, Pg: , has: 
Wet_uptake = 0.021 * (Pg? 7.5 *10^5)^05 , 1b/ft (3) 


| 
x The diesel uptake weight algorithm is based on the same manufacturers data from 


Zolt-Pielstick and DeLaval. The total diesel uptake weight per linear foot of ducting, 
Nas], uptake ; for a single diesel engine at rated power, P] , is: 


Wdsl uptake - 3.1 * Ра] 0-5 , Ib/ft (4) 


| 
{ 


| The rated power for each engine was entered into the appropriate equation to 


| 
letermine the linear weight of the uptake. 


Dividing equation (3) by equation (1) shows that the gas turbine uptake is 1.62 





imes heavier per linear foot than its associated gas turbine intake. Similarly, dividing 


| 
ж (4) by equation (2) shows that the diesel uptake is 1.55 times heavier per linear 


j than its associated diesel intake. 


| 
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The volume requirement for the intake ducting of a given engine will be assumed 
to be equal to the average cross sectional area of the ducting times the length of the 
intake ducting. 

The required average cross sectional area for the intake ducting of a gas turbine 
engine 1s assumed to be equal to: 1) the area defined by the air intake flange connection 
on the gas turbine module enclosure plus, 2) the area from an additional one foot wide 
rectangular ring based on the enclosure flange dimensions to allow for structure and 
acoustical insulation on the ducting coming down through the ship plus, 3) five square 


feet to allow for the module enclosure cooling air ducting. These areas are shown in 


figure I. 


1) 


Figure 1 Gas Turbine Engine Air Intake Cross Sectional Area 
The dimensions for the air intake flange connections of the LM-2500 and ICR gas 
turbine module enclosures are equivalent and are 8.67 ft by 8.75 ft. The air intakes are 
sized to allow for the necessary air flow and to allow for the engine removal up the 
intake ducting. The dimensions for the Allison 571-KF air intake flange are 2.34 ft by 
5.45 ft. All three gas turbines require a significant amount of cooling air flow through 


the module enclosure allowed for by the five square feet of ducting. 
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The required average cross sectional area for the intake ducting of a diesel engine 
is assumed to be equal to: 1) the area defined by the air intake flange connection on the 
diesel engine plus, 2) the area from an additional one foot wide annulus based around 
the intake flange dimension to allow for structure and acoustical insulation or silencers 
on the ducting coming down through the ship. Figure 2 shows a typical marine diesel air 
intake system. The diameter of the pipe is specified by the manufacturer for each engine 


but in general the diameter is on the order of 16 to 26 inches. 
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Figure 2 Typical Marine Diesel Air Intake System (25) 
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Cross Sectional Area Determinati 


The volume requirement for the uptake ducting of a given engine will be assumed 
to be equal to the average cross sectional area of the ducting times the length of the 
uptake ducting. 

The required average cross sectional area for the uptake ducting of a gas turbine 
engine 1s assumed to be equal to: 1) the area defined by the exhaust flange connection on 
the gas turbine module enclosure plus, 2) the area from an additional 1.5 foot wide 
rectangular nng based on the exhaust flange dimensions to allow for structure, acoustical 
insulation, and thermal insulation on the ducting going up through the ship plus, 3) five 
square feet to allow for the exhausting of the module enclosure cooling air. 

The dimensions for the exhaust flange connections of the LM-2500 and ICR gas 
turbine module enclosures are equivalent and are 8.67 ft by 10.5 ft. The dimensions for 
the Allison 571-KF exhaust flange are 6.14 ft by 5.45 ft. All three gas turbines mix the 
module cooling air exhaust with the engine exhaust and this extra flow is allowed for by 
the addition of the five square feet to the exhaust ducting. 

The required average cross sectional area for the uptake ducting of a diesel engine 
is assumed to be equal to: 1) the area defined by the exhaust flange connection on the 
diesel engine plus, 2) the area from an additional 1.5 foot wide annulus based around the 


| 
intake flange dimension to allow for structure, acoustical insulation or silencers, and 


| 
'hermal insulation on the ducting going up through the ship. Figure 3 shows a typical 
marine diesel exhaust system. The diameter of the pipe is specified by the manufacturer 


for each engine but in general the diameter is on the order of 16 to 30 inches. 


[1 


SLIDING 


“SUPPORT 
/ 














EXHAUST 
SILENCER 


SUPPORT, 


EXPANSION 






ENGINE ROOM 


BILGE 


Figure 3 Typical Marine Diesel Exhaust System [26] 
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noix 


Wei Iculation 


The calculation to determine the required fuel weight to meet a given ship's 





endurance range and speed constraints 15 based on a standardized Navy procedure 
described in reference [16]. That standard procedure is discussed here. Key terms 
defined in the reference and used in this discussion are underlined. 

The design endurance power is the Effective HorsePower (EHP) required to meet 
the endurance speed constraint. A 10 percent margin is applied to the endurance EHP to 
allow for adverse sea conditions and average bottom fouling over a 2-year period. The 
average endurance power is the , ropulsion power requirement based on the 10 percent 
margin applied to the endurance EHP. 

The required engine Brake HorsePower (BHP) for endurance is detennined by 
applying the appropriate Propulsive Coefficient (PC) to the average endurance power. If 
more than one engine is used for endurance, it is assumed that the load will be split 
equally between the on-line engines. If Propulsion Derived Ship Service (PDSS) electric 
power will be used, its additional power requirement must be added to the engine BHP. 
The engine endurance RPM may also be required to determine the engine Specific Fuel 
Consumption (SFC). Additionally, if customer bleed air from the engine will be used; its 
impact on engine SFC must be included. Unless otherwise specified, prairie and masker 
systems shall be considered in operation 50 percent of the time for ships so fitted. 

For all calculations on SFC, the Navy standard day conditions shown in table 1 


were employed. 
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1009F Ambient Temperature 
14.7 psia Ambient Pressure 
4.0 in of H20 Intake Loss 


6.0 in of H20 Exhaust Loss 
18,400 Btu/lbm Lower Heating Value 


85°F Seawater Inlet Temperature 








Table 1. Navy Standard Day Conditions 

With the engine BHP, RPM, and the standard conditions; the engine SFC at 
endurance can be determined. There are two margins that are applied to the SFC. The 
specified fuel consumption is the SFC times a correction factor to allow a tolerance for 
instrumentation inaccuracy and design changes during the construction period. The 
correction factor is 1.04 if the average endurance power is one-third or less of the total 
rated BHP of all propulsion engines, 1.03 if between one-third and two-thirds, and 1.02 
if greater than two-thirds. The average endurance fuel consumption is the specified fuel 
consumption increased by 5 percent to allow for plant deterioration over a two year 
period. 

The burnable propulsion endurance fuel is the sum of the individual engines 
average endurance fuel consumption multiplied by the engine BHP and the time at 
endurance. If bleed air is extracted from the engine for only a percentage of the 
endurance time, tend , the different SFC for the bleed and no-bleed operation must be 


accounted for as shown in equation (1). 


Fuel Wt = tend * BHP (SFCireeg * bleed Zotume + SFC d * no-bleed %time) (1) 


no-blee 


The propulsion endurance fuel load is the burnable propulsion endurance fuel 
divided by the tailpipe allowance. The tailpipe allowance allows for the unavailable fuel 


remaining in the tank below the suction tailpipes. If the majority of the tanks are broad 


and shallow, the factor is 0.95; if narrow and deep, it is 0.98. 
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ion of Ship Service Electrical Powe >| Load 

The non-PDSS ships service power generators will also impact the fuel load and 
must be considered in the total fuel weight. 

The average 24 hour electrical load must be determined for the ship. It is assumed 
that the average 24 hour electrical load will be split equally among all the on-line 
generators, PDSS and non-PDSS, at endurance. If PDSS electrical power will be used, 
its power requirement is added to the propulsion engine BHP. The stand alone generator 
set engines are the only engines used to determine the electrical power fuel load. Once 
again, if customer bleed air from the generator set's engine will be used; its impact on 
engine SFC must be included. Unless otherwise specified, prairie and masker systems 
shall be considered in operation 50 percent of the time for ships so fitted. 

With the generator set's engine BHP, RPM, and the standard conditions; the engine 
SFC at endurance can be determined. Once again, there are two margins that are applied 
to the SFC. The specified electrical fuel consumption is the SFC times a correction 
factor to allow a tolerance for instrumentation inaccuracy and machinery changes. The 
9m factor is 1.04 if the average 24 hour electrical load is one-third or less of the 
{total number of generators minus one) times the generator rating, 1.03 if between one- 


third and two-thirds, and 1.02 if greater than two-thirds. The average electrical 


endurance fuel consumption is the specified fuel consumption increased by 5 percent to 
| 





allow for plant deterioration over a two year period. 


The bumable electrical endurance fuel is the sum of the individual engines’ average 
»ndurance fuel consumption multiplied by the engine BHP and the time at endurance. If 
Dleed air is extracted from the engine for only a percentage of the endurance time, the 
lifferent SFC for the bleed and no-bleed operation must be accounted for as shown in 
»quation (1). The electrical endurance fuel load is the burnable electrical endurance fuel 
livided by the tailpipe allowance. Again, the tailpipe allowance allows for the 


| 


E able fuel remaining in the tank below the suction tailpipes. 
| 
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The endurance fuel load is the sum of the propulsion endurance fuel load and the 
lectrical endurance fuel load. If any other equipment uses fuel, such as an installed 


lonkey boiler, its fuel requirements must also be included in the endurance fuel load. 
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The following pages contain the developed engine's computer code. 
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* This is the stand alone engine's program used to determine the */ 
/* the engine performance and specs for a propulsion system. */ 


#include <stdio.h> 
#include <math.h> 


#define INLET_LOSS 4.0 /* in inches of water, max allowed 12 */ 
#define EXHAUST_LOSS 6.0 /* in inches of water, max allowed 20 */ 
#define HUMIDITY 116.2 /* in grains, max allowed 350 */ 

/* 116.2 grains is equal to 40% relative*/ 
#define RANGE 4429.0 
#define ENDUR_SPD 20.0 
#define ENDUR_PCT_BLD 0.50 /* percent of endurance time with bleed */ 

/* air supplying praine + masker */ 


#define AVG_ELEC_ LOAD 2525.0 /* Avg. KW load for the DDG */ 
#define TPA 1.02 /* Tail Pipe Allowance */ 


int plant, map (71/21: 
char buff[11): /* general purpose string buffer */ 
/* The following are the function declarations. */ 


int user. interface( void); 

void mechanical. drive( void); 

void electric. drive(void): 

void mech elec hvbrid drive(void): 

void multiple waterjet(void): 

void main engine. specs(); 

void endurance, engine. specs(); 

double fuel load (double, double, double, double, double, 
double *cruise engine specs.double); 

double engine_sfc(double,double double double); 

double 1m2500. map(double,double ): 

double pc42_sfc_map(double,double,double); 

double pc26_sfc_map(double,double,double); 


void main() 


| 


int program continue. flag: 


double weight fuel, /* Declare the variables seen by main. */ 
ehp cruise, 

qpc. cruise, 

xmission eff cruise, 

rpm. prop cruise, 

gear. ratio; 


double boost engine specs[14]. /* Declare engine arrays. */ 
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cruise engine specs[14]; 


E" A A A A A */ 
/* -- Call the program interface function and provide the - */ 
/* -- option to quit the program or to reselect options. ----- n 
p" MM —esoroereemsecEeedonsogedtesdumeodeumemmmm mee ma mmm T 


program, continue flag = user interface(); 
while (program, conunue flag == 2) 


p" MEME cc ccoo a sec er 


plant map [0][ 
plant map (|11 
plant. map [2][ 
plant map [3] 
plant map (4) 
plant. map [5][ 
plant map [6][ 
plant. map [O][ 
plant map [1]Í 
plant map (2) 
plant, map [3][ 
plant. map [4][ 
plant. map [51 
plant. map [6][ 


program conunue flag - user interface(); 
| 
if (program, conunue flag == 3) 


| 


goto end: 

| 
A a С 2—2 ьоьььььнь */ 
/* -- Commence the resist loop ------------------ Eh 
jr РЕТТЕР 7... *] 
r MEM nn nr nmm x 


main engine specs(boost, engine, specs); 
endurance engine specs(boost engine. specs,cruise engine specs); 


/* These statements are used to obtain the dummy arguments which are */ 


/* used to pass arguments to the fuel, load function. In the E, 
/* integrated program, these will be replaced by functions. i 
gets(buff); /* this clears all preceding input so it won't interfere with the following input */ 


printf(""Enter the following in decimal format.\n "); 
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printf("Enter the cruise EHP:"), 
gets(buff); 

sscanf(buff,"%1f", &ehp cruise): 
printf("Enter the cruise QPC:"); 
gets(buff); 

sscanf(buff," ?clf", &qpc cruise); 

printf(" Enter the cruise transmission efficiency:"); 
gets(buff); 

sscanf(buff," 9o1f", & xmission eff cruise); 
printf("Enter the cruise propulsor RPM:"); 
gets(buff): 

sscanf(buff,”ZIf’. &rpm. prop. cruise); 
printf("Enter the gear ration"); 
gets(buff); 

sscanf(buff. "Alf", &gear ratio); 


weight, fuel 2 fuel load(ehp. cruise. qpc cruise. xmission eff cruise, 
rpm, prop. cruise, gear ratio. 
cruise engine specs. boost engine. specs(0]); 


if( weight, fuel 22 -1.0) 
| 


goto end; 

J 
p A Н ————-—--.---.---.--.--..---.- t 
/* --- Perform the Output  ---------- B 
РА... */ 


printf("The Total Fuel Weight = ?06.1f LTONS Nw", weight. fuel); 


printf("The cruise type engine Specs ia); 

printf( Max Engine Power = %8.2f\n", cruise engine. specs[0]); 
printf("Max Engine RPM 968.2f Nn", cruise, engine, specs[1]); 
printf("Min Engine RPM 708.2fNn", cruise engine. specs[2]); 
printf("Number of Cylinders = %8.2f\n", cruise_engine_specs[3}); 
printf("Engine Type Code = ?68.2£ n", cruise, engine, specs[4]); 
printf( "Engine Weight = %8.2f Ibn", cruise engine. specs[5]); 
printf("Linear Weight Intake = %8.2f Ibn", cruise, engine. specs[6]); 
printf("Linear Weight Uptake = %8.2f lb n", cruise. engine. specs(7]); 
pnotf("Engine Length, ft = 768.2£ n", cruise, engine, specs[8]); 
pnntf("Engine Width, ft — 2 768.2£ Nn", cruise, engine, specs[9]); 
pnntf("Engine Height, ft = %8.2f\n", cruise engine, specs[10]); 
printf("Cross Section Intake 2 968.2f ft^2^n", cruise engine. specs[11]); 
printf("Cross Section Uptake = %8.2f ft^2 n", cruise engine specs(12]); 
printf("Acquisition Cost = %8.2f $mil,1991.\n\n", cruise, engine, specs[13]); 


printf("The boost type engine Specs aW); 
printf("Max Engine Power = %8.2f BHP.\n", boost_engine_specs[0)); 
prıntf( "Max Engine RPM = %8.2f.\n", boost. engine 5рес5(1 |); 
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printf("Min Engine RPM — 058.2f NY , boost engine specs[2]); 
printf("Number of Cylinders - 968.2f Nn", boost engine specs[3]); 
printf("Engine Type Code = 968.2f ^n", boost engine. specs[4]); 
printf("Engine Weight — 968.2f Ib Nn", boost_engine_specs[5]); 
printf(" Linear Weight Intake — 958.2f Ibn", boost engine specs(6]): 
printf(" Linear Weight Uptake - 968.2f Ibin", boost engine. specs[7]); 
printf( Engine Length. ft = %8.2f.\n", boost engine specs(8]); 
printf("Engine Width, ft = %8.2f\n", boost engine specs(9]): 
printf("Engine Height, ft = %8.2f\n", boost_engine_specs[10]); 
printf("Cross Section Intake = %8.2f ft42.\n", boost_engine_specs[11]); 
printf("Cross Section Uptake = %8.2f ft*2.\n", boost_engine_specs[12]); 
printf("Acquisition Cost = %8.2f Smil.1991.An". boost_engine_specs[13]): 


end:; 
| 
int user. interface(void) 


/* This 1s the user interface function used to define */ 
/* the propulsion system. x 


| 


int program contunue flag - |: 


printf( "Select one of the four propulsion options): 
printf( "1. Mechanical Drive An^); 

printf("2 Electric Dnve.\n"), 

printf("3 Mechanical with Electric Hybrid driven"); 
printi("4 Multiple Dispersed WatenetsAn”): 

scant(" Zed”. £plant_map[2]([0]); 


while (plant, map[2][0] « 1 Il plant. map[2][0] » 4) 
| 
printf "ERROR! Enter 1, 2, 3, or 4.\n\n"); 
scanf("%d", &plant_map[2][0]): 
) 


if (plant map[2][0] 22 1) 
| 
mechanical. drive(); 
J 

if (plant_map[2][0] == 2) 
| 


electric, drive(): 
BE eon == 3) 
BE Lea drive 
€ oa map? D == 4) 


multiple waterjet(); 
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D" IU 222 2222---<-----.----.-------.-.----....--.----- = 
/* ----- Display the selections.  ---------- =) 
d A A AAA */ 
рпп{("-------------------------------------------- “та ") 


printf(‘\n\nY our selections are summanzed as follows:\n\n"); 


printf("# Cruise Propulsors= %dNN", plant map[0][0]): 
printf("* Boost Propulsors = %dw”, plant_map[0][1]); 


if (plant_map[1][0] == 1) 

Bus Type = PRPN ); 

BE eun == 2) 

ШЕ uso Туре = C CRPN'):; 

BE eun к=) 

ШЕ...) Type = Contran"); 

I (plant_map[1][0] == 4) 

E. "Propulsor Type = Preswirl Stator"): 
BE euo == 5) 

E u Type = Ducted FPPN"): 

А (plant, map[1][0] == 6) 

lE eeu Type = Ducted CRPN"); 

4 (plant, map[1][0] 22 7) 

+ "Propulsor Type  =Ducted ContraW”); 
E (plant map[1][0] 22 8) 

К... Туре = Ducted PreswirIv"); 
| 


if (plant, map[1][0] == 9) 
ШЕ... Type = Waterjet"); 
A */ 
if (plant, map[1][1] 22 0) 
E. "Hybrid Trans Type = None\n"); 


) 
if (plant. map[1][1] 22 1) 
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> 


ү* 


| 
printf("Hybrid Trans Type z Electric ^); 


J 

EMEN Le e V ........JJ. I... I . */ 
if (plant. map[2][0] 22 1) 

| 

pnintf(" Transmission Type = Mech”), 

| 

if (plant, map[2][0] 22 2) 

| 

printf("Transmission Type = Elec"), 

| 

if (plant, map[2)[0] == 3) 

| 

printf("Transmission Type = Hybrid“): 

| 

if (plant, map[2][0] 22 4) 

| 

printf(" Transmission Type = Multi-Jet\"): 

| 

БЕРЕ... */ 


if (plant, map[2][1] 22 0) 

BE so per shaft = None”): 
OPEM == |) 

ШЕ... per shaft 2 Epicyclicn y; 
ШИ р == 2) 


| 

printf("XMission per shaft = LTDR\n"); 
) 

if (plant. map[2][1] 22 3) 

Í 


printf("XMission per shaft = LTDR w/Reversing\n"); 

| 

if (plant, map[2)[1] 27 4) 

| 

printf("XMission per shaft = LTDR w/cross-connect\n’); 


if (plant_map[3][0] == 0) 
| 
printf("Cruise Eng Туре =none\"); 


| 

if (plant. map[3][0] == 1) 

| 

pnntf("Cruise Eng Type 2 ICRX'); 
| 
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if (plant, map[3][0] == 2) 

ШЕ с... Eng Type -РС4.7Ч”); 
k (plant, map[3][0] 22 3) 

ЕЕ... Eng Type = PC2.6N''): 
| 


if (plant, map[3][1] == 0) 

К... Eng Type = None\n"); 

EM мМ] == 1) 

E... Eng Type =LM-2500\n"); 
E aon ==) 

Es. Eng Type - ICRW); 

BE een == 3j 

>... Eng Type =PC4.2 w/16 Cyl\n"): 
ШЕ... == 

i... Eng Type = LM-2500 Power PAK; 
— A == 5) 

TOM Eng Type - Allison 571-KFw ^); 
| 


КОКОН ___......------.--..-.-------------- ж/ 
pnntf("Total # boost eng\N Total # boost eng”); 
printf(" used for cruise = VedNX", plant. map[4][0]): 
printf(" used for boost = %dwm", plant_map[4][1]); 
printf( "Total # cruise engNX Total * cruise eng); 
printf(" used for cruise = %dNN", plant_map[5][0)): 
printf(" used for boost = %d\o", plant_map[5][1]); 


s l l noian * / 
if (plant, map[6][0] 22 0) 

( 

pnntf("PDSS flag setting = NOW"); 

) 

if (plant. map[6][0] 22 1) 

| 

printf("PDSS flag seting - ҮЕ5ЧЧ”); 

) 

AAA */ 
printf("Number of PDSS =%dw", plant_map[6][1]): 
рпл(Қ”-------------------------------------------- “onn "); 
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printí( "Select an option^n"); 
ргіп ("1 Run the program with your selected propulsion system ^а"); 
printf("2 Reselect the propulsion system.\n"); 
printf("3 Quit the program .\n\n"); 
scanf("%d", &program_continue_flag); 
while ( program_continue_flag < 1 ll program_continue_flag > 3) 
| 
printf("ERROR! Enter 1, 2, or 3.\n\n"); 
scanf("7ed', &program, continue flag); 


retum(program conunue flag); 


void mechanical, dnve(void) 
{ 


int n engine cruising; 


pnntf(" Select the number of propulsors used for cruise. Nn); 
pnntf("1 One propulsor^n"): 
pnntf("2 Two propulsors.\n"): 

printf("3 Three propulsors.\n\n”): 

scanf("%d", &plant_map[0][0)): 


while (plant_map [0][0] < 1 I! plant_map [0][0] > 3) 
| 
prnntf( "ERROR! Enter 1, 2. or 3.\n\n"): 
scanf("7cd", &plant_map[0][0)): 
| 


printf( Select the number of propulsors used for boost. Ni"); 
printf("2 Two propulsors.\n"); 

printf( 3 Three propulsors.\n\n"); 

scanf("%d", &plant_map[0][1]); 


while (plant map (0][1] « 2 Il plant, map (0][1] » 3) 
| 
printf( "ERROR! Enter 2 or 3.n\n"); 
scanf("9ed", &plant map(0][1]); 
J 


printf("Select one of the propulsor options.\n\n"); 
pnntf("1 FPP\n"); 

printf("2 CRP\n"): 

pnotf("3 Contra-rotating\n"); 
pnntf("4 Preswirl Stator\n"); 
printf("5 Ducted FPP\n"); 

pnntf("6 Ducted CRP\n"); 

printf("7 Ducted Contra-rotating\n"); 
printí("8 Ducted Preswirl Stator\n"); 
printf("9 Waterjet\n\n"): 
scanf("%d", &plant_map[1][0)); 
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while (plant, map[1][0] « 1 ll plant. map[1)[0] » 10) 
| 
printf("ERROR! Enter | through 9.\n\n"); 
scanf("%d", &plant_mapf[1)[0]): 


| 
E" nennen un ж 
/ж Specify the transmission type to support either the two propulsor */ 
/* or the three propulsor options. * / 
p" EEE a re A oso 5; 


printf( "Select the desired mechanical transmission options NN"); 
if (plant map[(0][1] 22 3) 
| 


printf("1 Epicyclic on each shaft^n"); 

printf("2 LTDR on each shaft.\n”): 

pnintf("3 LTDR with reversing mechanism on each shaft.\n"); 
scanf("%d", &plant_map[2][1]): 


while (plant_map(2][1] < 1 ll plant. map[2][1] » 3) 
| 
printf "ERROR! Enter |, 2, or 3.\n\n"); 
scanf("%d", £plant_map[2][1]): 
| 


else 
| 
printf("1 Epicyclic on each shaft^n"): 
prnntfí(2 LTDR on each shaft^n"); 
printf("3 LTDR with reversing mechanism on each shaft.\n"): 
printí(4 LTDR on each shaft with cross-connect.\n"); 
scanf("%d", &plant_map[2][1]); 


while (plant map[2][1] « 1 Il plant, map(2][1] > 4) 
( 
printf('ERROR! Enter 1, 2, 3, or á Nn"); 
scanf(" 96d", &plant map[2][1]); 


) 
| 
p" MEME A n E o anne $) 
/* ----- Specify the engine type[s] and arrangements. / 
p БЕГЕН 7. 7ү./................................................................... Ы: 


printf( "The following questions are used to determine the engine"); 
printf("type[s] and alignments to operate the propulsion system.\n"); 
printí("Note: if you choose the LM-2500 for boost, you will also ben"); 
printf("given the opportunity to select an alternativen"); 

printf("engine type for cruise Ni"); 

printf("If you choose one of the other boost engine types `n"); 

printf("it will be assumed that your selected boost engine ча”); 
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printí("type will be used for both cruise and boost operation. viv"); 


printf( "Select one of the boost engine types ^n"); 
printf("1 LM-2500 Gas Turbinen"); 

printf("2 ICR Gas Turbinen"); 

printf("3 PC 4.2 Diesel,16 cyl rated at 26060 HP.\n\n"); 
scanf("%d", &plant_map[3][1]); 


while (plant map[3][1] < 1 !| plant map[3](1] » 3) 
| 
printf( "ERROR! Enter 1,2, or 3.n\n”): 
scanf( "ced", &plant_map[3][1]): 


| 
iftplant map[3][1) 22 D) 
I 
ж A A o A a anne E | 
/* If the boost engine type is LM-2500, there willbe */ 
/* a cruise engine type option. n 
qe A A a d ла E A = 


printf( "Select one of the cruise engine types An"): 


printf("0 NONE\n"): 

pnntf("l ICR Gas Turbine\n"): 
pnntf("2 PC 4.2 Diesen"; 
printf("3 PC 2.6 DieseNn\n"): 
scanf(" %d". &plant_map[3][0}): 


while (plant. map[3][0] « 0 Il plant_map[3][0] > 3) 
I 
printf "ERROR! Enter 0, 1, 2, or 3 NN): 
scanf("%d", &plant_map[3][0]): 
| 


ifíplant_map(3][0] == 0) 
| 


/* No cruise engine type was selected. The LM-2500 engine  */ 
/* must provide for both the boost and the cruise operation. */ 


printf("Select the total number of LM-2500 engines\n"); 
printf("used during maximum boost operation.\n"); 
printf("2 Two\n"): 

printf("3 Three\n"); 

printf("4 Fourn"); 

scanf("%d", &plant_map[4][1)); 


while (plant, map[4][1] < 2 il plant_map[4][1} > 4) 


| 
printf("ERROR! Enter 2, 3. or 4.\n\n"); 
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scanf("%d", &plant_map[4][1])); 
| 


printf( Select the total number of LM-2500 engines used); 
printf("during cruise operation An"); 

pmntf("l One\n"); 

printf("2 Two\n"): 

printf("3 Three"); 

ргіп "4 Four\n\n"); 

сапҚ "Фа", &plant map[4][0]): 


while (plant, map[4][0] « 1 I| plant map[4][0] > 4) 
{ 
printf("ERROR! Enter 1, 2, 3, ог 4Ммї\а”); 
scanf("%d", &plant_map[4][0]); 


i A Ul Z 7 
/* If the cruise engine type is ICR, allow it to */ 
/* be used for boost 1.e. COGAG. 


if(plant_map[3][0] == 1) 
| 
printf(" Select the total number of LM-2500 boost engines"); 
printf("used during maximum boost operation"); 
pnintf("2 Two"); 
printf("3 Three"): 
printf("4 Founn"); 
scanf("%d", &plant_map[4][1]): 


while (plant_map[4][1] < 2 ll plant_map[4][1] > 4) 
| 
printf( "ERROR! Enter 2, 3, or 4.\n\n"); 
scanf("%d", &plant_map[4][1)); 
J 


printf("Y ou have selected an ICR cruise engine type that\n"); 
printf("may also be used for boost operation”); 


printf("Select the total number of ICR engines used\n"); 
printf(‘during maximum boost operation.\n"), 

printf("0 None\n"); 

printf("1 One\n"); 

printf("2 Two\n"), 

printf(3 Three"); 

printf("4 Four"); 

scanf("%d", &plant_map[5][1]); 


while (plant_map[5][1] < 0 li plant_map[5][1] > 4) 
| 
printf("ERROR! Enter 0, 1, 2, 3, or 4 N11); 
scanf("%d", &plant_map[5][1)): 
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| 


printf( "Select the total number of ICR engines online”); 
printf( during cruise operation.\n\n"); 

pnntf("1 One\n"): 

printí( 2 TwoWw"); 

printf("3 Three); 

printf("4 Four"); 

scanf("%d", &plant_map[5][0]); 


while (plant, map[5][0] < 1 Il plant_map[5][0] > 4) 
| 
printf("ERROR! Enter 1, 2, 3, or 4.\n\n"): 
scant("%ed”, £plant_map[5](0]», 
J 


| 


if(plant, map[3][0] == 2 Il plant map[3][0] 22 3) 
| 


/* If the cruise engine type is diesel, do not allow it * / 

/* to be used for boost i.e. CODAG. Do not allow %/ 

/* CODAG on a shaft. Additionally. do not allow CODAG %/ 

/* even when the diesel will be on its own shaft. = 

/* The diesel only shaft will be trailed at boost. */ 

ai A =) 


pnintf( "Select the total number of LM-2500 boost engines\n"); 
printf("used dunng maximum boost operation.\n"): 

prntf("2 Two\n"): 

printf("3 Three\n" ): 

printf("4 Founn"); 

scanf("%d", &plant_map[4][1]): 


while (plant, map[4][1] < 2 ll plant_map[4][1] > 4) 
| 
printf("ERROR! Enter 2, 3, or 4\n\n"); 
scanf("%d", &plant_map[4][1)); 
| 


printf("Select the total number of Diesel cruise engines); 
prntí("used during cruise operatonAawn”); 

prntf("1 One”); 

printf("2 Two\n"); 

pnntf("3 Three\n"); 

pnntf("4 Four\n"); 

scanf("%d", &plant_map[5][0)); 


while (plant_map[5][0] < 1 I! plant_map[5][0] > 4) 


| 
printf("ERROR! Enter 1, 2, 3, or 4 NY); 
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scanf("%d", &plant_map[5)[0)); 
| 
| 


| 
else 
| 
yt MEME ta d e * / 
/* If the boost engine tvpe is ICR or diesel, there will be E, 
/* no cruise engine tvpe. The boost engine type must provide */ 
* for both the boost and the cruise operation. “/ 


j* Laan En EU eese asd Tas ET 
plant, map[3][0] 2 0: 


pnntft "Select the total number of boost engines used"): 
pnotti lunmng maximum boost operationAn”): 

pnntf("2 Two\n"): 

pnntf("3 Three\n"): 

pnntf('4+ Four\n"): 

scanf( "cd". &plant. map[4][1]: 


while (plant. map[4][1] « 2 !| plant. map[4][1] » 4) 
| 
EMMU ERROR! Enter 2, 3, or 4\nn’! 
scanft "^cd". &plant, map[4]( 1] x: 
| 


printf( "Select the total number of boost engines usedn ): 
printf( during cruise operation.\n\n ): 

pnntf("1 One 5 | 

pnntfí(2 Twown 

pnntf( 3 Three”); 

pnntf("4 Four\n\n"); 

scant("%d”, &plant_map[4][0]); 


while (plant_map[4][0] < 1 !! plant map[4][0] » 4) 
| 
printf( "ERROR! Enter 1, 2, 3, or 4.\n\n"); 
scanf("%d", &plant_map(4][0]); 


while ( plant_map{0][1] > (plant_map[4][1] + plant_map[5]{1])) 
| 
printf("Ensure that the sum of the number of boost engines and); 
printf("the number of cruise engines used for boost is equal”); 
printf("to or greater than tbe total number of propulsors”); 
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ж 
p" 


y" 


printf( "that are used for maximum boost); 


printf("Re-select the total number of boost engines online"); 


pnntf( "during maximum boost operation. NN); 
printf("l One\n"): 

pnntf("2 Two\n"): 

printf("3 Threew"); 

printf("4 Founa”); 

scanf("%d", &plant, map[4][1)): 


while (plant, map[4][1] « 1 Il plant. map(4][1] » 4) 
| 
pnntf( "ERROR! Enter I, 2,3. or 4.\n\n’): 
scanf" ed”, £plant_map([4][1]). 
| 


if (plant, map[3][1] 22 ! && plant, map[3][0] 22 1) 
| 
pnntt( Re-select the total number of ICR engines used x 
pnntf( during maximum boost operation. `): 
pnntf("0 None a`): 
printf(”! Onesn `): 
pnntf("2 Two\n"): 
Dani > Three"): 
pnntfi"4 Fourn”): 
ШИ ced". &plant map[3][! ]:: 


while (plant, map[5][1] « 0 !| plant, map(5](1] » -» 
| 
puntft ERROR' Enter OQ. 1. 2. 3, or 4 Nn x 
scanf(" cd". &plant, map(5][1]»: 
| 


PDSS option only considered if all engine type[s] are only */ 
gas turbine. 


- m GP GP db db cm GP am 4% db cm Фе еее ее еее еее еее ӘӘ ӘӘ е «> <> «> «>» «> «> «> «> «> «> «> «> OD =з ев ер «> «> «в «> «о «> єз єз 4% 4% 4b db 4b Ф db Um d =з єз 2882828822 2 


if (plant map(3][1] 2» 1 plant_map(3](1] == 2 

( 

if (plant map[3][0] 22 O Il plant map[3][0] 22 1) 
| 


printf("Will PDSS be driven off any of the gas turbine\n"); 


printf( "output sbafts. nn"); 

printf("0 NO”); 

pnotf("1 Yesa”); 

scanf("%d", &plant_map[6][0)); 

while (plant_map[6][0] < 0 Il plant_map[6][0] > 1) 
| 
printf("ERROR! Enter 0 or 1 n1"); 
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scanf("%d", &plant_map[6][0)); 


J 
) 
| 
if (plant. map(6][0] 22 1) 
| 
~ БЕРЕКЕ О ra Ж 


/* Incorporate logic so that the minimum number of */ 
/* PDSS units allowed is equal to the number of. */ 
/* engines online dunng cruise. 2/ 


n engine cruising - plant, map(4](0] * plant. map (5](0]; 


if(n, engine. cruising 22 |) 

| 

pnunttí "Select the total number of pdss units desued.n `"): 
pnnttt I One pdss unit^n i: 

pnntft">2 Two pdss units n. x 

pnntf( 3 Three pdss units ^n^; 

pnntfí("4 Four pdss units a”): 

scanf("%d". &plant_map(6]{1]): 


while (plant map[6][1] » plant, map[3](1] * plant, map(5](0]) 
| 
PANUT ERROR! Ensure the total number of PDSS umts is less^n”): 
pnnttt than the total number ot gas turbines. Re-enter^nn у; 
сап са. &plant, map(6][1]» 
| 


while (plant, map(6](1] « 1 I| plant, map(6)[1] > +) 
| 
emt ERROR! Enter 1.2, 3. or 4.\n\n’): 
scanf(" cd". &plant, map(6](1]); 
| 
| 


if(n_engine_cruising == 2) 

| 

printf(" Select the total number of pdss units desired ^n"), 
printí("2 Two pdss units №"); 

printí(3 Three pdss units.\n"); 

printf("4 Four pdss units.\n"); 

scanf("%d", &plant map(6](1]); 


while (plant, map[6][1] > plant map[4][1] * plant map[5][0]) 


{ 
printf("ERROR! Ensure the total number of PDSS units is less\n"); 


printf("than the total number of gas turbines. Re-enter.\n\n"); 
scanf("%d", &plant_map[6][1]); 
} 


while (plant map[6](1] « 2 !! plant map[6][1] » 4) 
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| 
pnntf("ERROR! Enter 2, 3, or 4.\n\n”); 
scanf("%d", &plant_map[6][1]); 


J 


if(n_engine_cruising == 3) 

| 

printf("Select the total number of pdss units desired Nn); 
printf("3 Three pdss units ^n"); 

pnntf("4 Four pdss units ^n^): 

scant(" “ed”. £plant_map[6][1]): 


while (plant, map[6][1] » plant_map(4](1] + plant_map[5](0]) 
| 
pnntf("ERROR'! Ensure the total number of PDSS units is less); 
pnntf( "than the total number of gas turbines. Re-enter. n\n"): 
scant( "ced . &plant, map[6][1]*: 
J 


while (plant_map[6][1] < 3 Il plant_map[6][1] > 4) 
| 
pnntf("ERROR! Enter 3 or 4.\n\n"): 
scanf("*cd'. &plant, map[6][1]). 
| 
| 
| 


void electnc_dnve( void) 


| 


int n. engine cruising; 

/* Set the number of propulsors used for cruise = 2. */ 
plant, map[0][0] 2 2; 

/* Set the number of propulsors used for boost = 2. */ 


plant, map[0][1] = 2; 


printf(" Select one of the propulsor options aw”); 
printf("] FPP\n"); 

prntí(2 CRPw"); 

printf("3 Contra-rotauine\n"); 

pnntf("4 Preswirl Statorin"); 

printf("5S Ducted FPP\n"); 

printf("6 Ducted CRP\n"); 

pnotf("7 Ducted Contra-rotating\n"); 

printf("8 Ducted Preswirl Statora”); 
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printf("9 Waterjedawa”); 
scanf("%d", £plant_map[1][0]): 


while (plant_map[1][0] < 1 ll plant_map[1][0] > 10) 
| 
printf( "ERROR! Enter I through 9.\n\n”): 
scanf("%d”, £plant_map[ 1 ][0)); 


| 
EEUU J JT. 2... u reo Roe een rns nu ena nose nre ER ern ee e RSe- “/ 
/* Specify the transmission type between the motor and propulsor. */ 
а ----------------- */ 
pnntf("Select the transmission type between the motors and); 
pnntf( "the propulsorsn ^): 
pnntf("0 Nonesn `): 
pnnt£('1. Epicyclion x 
АП ^ed. &plant, map[2][1] x 
while (plant, map[2][1] « 0 I| plant. map[2)[1] » 1) 
| 
pnntf( "ERROR! Enter 0 or 1 NW: 
scant( "cd". &plant. map[-][1]1. 
} 
A aaa Aa “/ 
----- Specify the engine type[s}] and arrangements. ---------- “/ 
MEE o o u uere urn IER eoe er eR Sene */ 


pnntfi “Select one of the propulsion engine types.‘a ): 
pnnttf( "1. LM-2500 Gas Turbine n ); 

pnntf(c^2 [CR Gas Turbinen”): 

pnntf( 4 LM-2500 Power-PAK. includes generator\nw ): 
scanft"*cd'. &plant, map[3][1]*: 


while (plant, map(3][1] '= 1 && plant map[3][1] != 2) 
| 
if (plant_map[3][1] != 4) 
| 
pnntf("ERROR! Enter 1, 2. or 41); 
scanf("%d", &plant_map[3][1)); 
| 


else 


break: 


printf( Select the total number of engines online\n"); 
prntf("dunng maximum boost operation.\n\n"), 
printf("1 Onen"); 

pniotf("2 Two\n"); 

printf("3 Three”); 

printf("4 Four"); 

scaní("%d", £plant_map[4][1)), 





y" 
г“ 
E" 
g 


while (plant_map[4][1] < 1 !| plant. map[4][1] > 4) 
| 
printf("ERROR! Enter 1, 2, 3, or 4 à); 
scanf("9od", &plant map[4][1]); 
J 


printf( "Select the total number of engines online”); 
printf("during cruise operation.\n\n"); 

printf("1 One\n"): 

pnntf("2 TwoWw ): 

printf" 3 Three\n ): 

pontf("4+ Founn’): 

scant( Sd", &plant_map([4][0}): 


while (plant map[4][0] « ! Il plant_map[4][0] > 4) 
| 
ШЕШІ ERROR! Enter l. 2. 3. or 4 ^X: 
ѕсап "4". &plant, map[4][0]»: 


---- PDSS opuon only considered 1f all engine type[s] are only */ 
---- gas turbine. For electric drive this is always true. n 


pnntfc" Will PDSS be dnven otf any ot the gas turbinen”): 
pnrntt( output shafts^non ): 
pruntfc "0 NOW 
pnntfí( T Yes x 
scanf d". &plant, map[6][0]): 
while (plant. map[6](0] « 0 !! plant, map[6][0] » 1) 
| 
prnntf( ERROR! Enter 0 or 1 Nn); 
scanf("%ed”, £plant_map[6][0)); 
J 


if (plant_map[6][0] == 1) 


/* Incorporate logic so that the minimum number of */ 
/* PDSS units allowed is equal tothe numberof  */ 
/* engines online during cruise. Y 


n_engine_cruising = plant_map[4][0] * plant map [5][0]; 


if(n engine cruising —- 1) 

| 

printf(" Select the total number of pdss units desired ^n"); 
pnntf("1 One pdss unit^n"); 

pnntf("2 Two pdss units"); 
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printí3 Three pdss units ^n): 
рпа ("4 Four pdss units); 
scanf("%d", &plant_map[6][1]); 


while (plant_map[6][1] > plant, map(4][1] + plant_map[5][0]) 
| 
printf( "ERROR! Ensure the total number of PDSS units is less"); 
printf( "than the total number of gas turbines. Re-enter. viv); 
scanf("%d", &plant_map[6][1)): 
| 


while (plant, map[6][1] < 1 ! plant_map[6][ 1} > 4) 
| 
prntf("ERROR! Enter I. 2. 3, or 4 N01): 
scanf( "ced", &pla^* map[6][1]:: 
| 
| 


ІН engine cruising 22 2! 
| 
pnntf( "Select the tota] number of pdss units desired^n ^): 
pnntf( 2 Two pdss units^n 1; 
pnntif("3 Three pdss units^n ^): 
pnntf(’4 Four pdss units Y x 
scantí"“ed”. £plant_map[6)[1)»: 


while (plant, map[6)[1] > plant, map[4][1] * plant, map[5][0]) 
| 
pnntt( ERROR! Ensure the total number of PDSS units is less"); 
pnntf( than the total number of gas turbines. Re-enter ^n X 


scanf( "^ed". &plant, map[6][1]»: 
| 


while (plant_map[6][1] < 2 ll plant_map[6][1] > 4) 
| 
pnntf( "ERROR! Enter 2, 3, or 4 М№а"); 
scanf("7ed". &plant, map(6][1]): 
J 

J 


(Қа engine cruising == 3) 

| 

printf(" Select the total number of pdss units desired”); 
printfí(3 Three pdss units"); 

prıntf("4 Four pdss units); 

scanf("%d", &piant_map[6][1)); 


while (plant. map[6](1] » plant. map[4][1] * plant. map[5](0]) 
| 
printf("ERROR! Ensure the total number of PDSS units is lessa"); 
printf( "than the total number of gas turbines. Re-enter.\n\n" ); 
scanf("%d", &plant_map[6][1]); 
J 
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while (plant_map[6][1] < 3 !l plant, map[6](1] » 4) 
| 
prntf( "ERROR! Enter 3 or 4 NI); 
scanf("9ed", &plant, map(6][1]); 
| 
| 
| 


| 


void mech elec hvbnd drivet void) 


| 
/* Set the number of propulsors used for cruise = 2. */ 
plant, map[O)[0) 2 2: 
* Set the number of propulsors used for boost = 2. *: 
plant, map[0][1) = 2: 
pnntf( Select one of the propulsor options \n\n"): 


РЕБ | FPP\n"): 
pnnt”? CRP”): 


pnntf( ^3 Conta-rotaungw y: 
pnnttt^4. Preswirl Statorin x 
ШИШИ А Ducted FPP): 

pnnttt 6 Ducted CRPn ^: 

рппі "7 Ducted Contua-rotaungW '); 
pnntf("8 Ducted Preswirl Stator\n"): 
pnntf(’9 Wateryet\n\n"): 


scant(" “ed”. £plant_mapf[1][0)): 


while (plant, map[1)(0] « 1 Ill plant map[1)[0] > 10) 
| 
pnintf( "ERROR! Enter | through 9.\n\n"): 
scanf("%d", &plant map[1][0]); 


| 
E" РРБ -........................ӛ................................і...ӛ.........-..-. =} 
/* Specify the type of transmission for the mechanical drive. */ 
I" MEME raras 2 


/* Set the mechanical transmission type = LTDR. */ 


plant, map[2J[1] = 2; 


u J 2 aaa aae au aaae “/ 
/* Specify the type of transmission for the electric hybrid drive. */ 

/* Set the electric hybrid transmission type = electric. n 
РИМ... AAA “/ 
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plant, map[1][1] 2 


E" MEM o di od i 
/* ----- Specify the engine type[s] and arrangements.  ---------- ui 
ЛЫ ccocooosocooc OO PEE PTT ————— mr 


printf("The boost engine type is LM-2500. The program"): 
printf("already assumes one LM-2500 ir , its directly into"); 
printf("each mechanical drive LTDR gear. You must deciden”); 
printf("if a boost engine will also be on the electnc hybrid drive^n"); 


printf(" Select one of the boost engine types for then ): 
pnntt( "electnc hybrid dnve^n `): 

pnntf("O Nonew ›: 

printf("1 LM-2500 Gas Turbinen\n’): 

scanf("%d". &plant_map[3][1]): 


while (plant_map[3](1) '= 0 ££ plant_map[>)][1] '= 
ERROR Enter oro Ona k 
scanf( “ed”. &plant, map[3][1]*: 
if ШЕ...) ==!) 
Eun = 
| 


else 

\ 

plant. map[3][1] = 1: 
plant, map[4][1] = 2: 
) 


A enhe cruise engine type to be PC4.2. di 
/* Program assumes it will not be used for boost. */ 


plant map[3][0] 
plant map[5][0] - 


2 
ү 


void multiple, waterjet(void) 
| 


int D engine cruising; 

printf(" Select the number of waterjets used for cruise); 
printf("2 Two waterjets ^n"); 

printf("4 Four waterjets.\o"); 

printf("6 Six waterjets.\n"); 

scanf("%d", &plant_map{0]{0]); 


while (plant_map[(0]{0] '= 2 && plant_map[0][0] != 4) 
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| 
if (plant map[0](0] !2 6) 


( 
pnotf("ERROR! Enter 2, 4, or 6.\n\n"); 
scanf("%d", £plant_map[0]([0))»; 
E 
| 
break; 
| 
| 


pnntf( Select the number of waterjets used for maximum boost^n `): 


printf("6 Six waterets. n); 
pnntf(^8 Eight waterjets^n /): 
scanf( "cd", &plant, map(0](1]: 


while (plant, map[0][1] '* 6 && plant map(0][1] != 8) 
| 
pnntf( "ERROR! Enter 6 or 8n }; 
scant("“ed”. £plant_map[0][1]): 


plant_map[1][0] = 9: 

plant, map[2][0] = 4: 

plant map(3][1] 2» 5: 

plant, map([4)[0] = plant, map(0](0] 

plant, map[4][1] 2 plant, map(0](1] 
К^ ња НИЕ Е xj 
[* ----- PDSS option U 
p" O odo n 


printí( Will PDSS be driven off of the gas turbine ^); 
pnntf( output shafts. \n\n"); 
pnntf("0 NO\n"); 
pnntf("l Yes\n"), 
scanf("%d", &plant_map[6][0]): 
while (plant map[6][0] < 0 !| plant. map[6](0] > 1) 
| 
printt( "ERROR! Enter 0 or 1 NW); 
scanf("%d", &plant_map[6][0]); 
| 


if (plant, map[6][0] == 1) 
| 


K и с A aeo a aeaa EE edas */ 
/* incorporate logic so that tbe minimum number of */ 

/* PDSS units allowed is equal to the number of */ 

/* engines online during cruise. E 
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n engine cruising - plant map[4][0] * plant, map [5][0]; 


printf(" Select the total number of pdss units desired”); 
printf("1 One pdss unità): 

printf("2 Two pdss units NY); 

printf("3 Three pdss units a"): 

pnntf("4 Four pdss units.\n"); 

printf("6 Six pdss units.\n"); 

printf("8 Eight pdss units Nn); 

scanf("%d". &plant_map[6][1]): 


while (plant_map[6][1] > plant_map[4](1] + plant_map[5][0]) 
| 
pnntf("ERROR' Ensure the total number of PDSS units is less): 
printf( "than the total number of gas turbines Nn): 
scanf("£cd". &plant. map[6][1]: 
| 


while (plant, map[6][1] « n engine cruising) 
| 
pnntf( "ERROR! Ensure the total number of PDSS umts i$n ^); 
pnntf(^»2 the total number of gas turbines used at cruise nv 
scanf("%d". &plant_map[6][{1]): 
| 


while (plant, map[6](1] « 1 !! plant, map[6][1] » 4) 
| 
ifcplant, map[6][1] '2 6 && plant, map[6)[1] != 8) 


| 
Eun ERROR' Enter 1, 2. 3. 4. 6. or 5 Nw c 


scanf( 9cd". &plant, map[6][1]); 


| 
е!$е 
| 
break: 
| 
| 
| 
| 
t MEUM O AAA daa = 
РЕ... erroe * / 
ғы a ran. */ 


void main engine, specs(boost engine, specs) 


double boost engine specs[14]; /* Declare engine arrays. */ 


| 
double boost engine options(14][5] = 
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(26250.0, 26400.0, 26060.0, 26250.0, 6000.0), 
(3600.0, 3600.0, 400.0, 3600.0, 1800.0], 
(1200.0, 1200.0, 125.0, 1200.0, 900.0}, 

(0.0, 0.0, 16.0, 0.0, 0.0}, 

(1.0, 2.0, 3.0, 1.0, 5.0). 

(59000.0, 120000.0, 639340.0, 59000.0, 15000.0]. 
(493.2, 494.5, 322.9, 493.2, 364.5}, 

(799.0, 801.1, 500.5, 799.0, 590.5), 

(26.5, 26.5. 42.7, 26.5. 15.8), 

87. 17.0.8.7.5.7). 

E22 »6.2.10.4.7.7]. 

B US... 126.1197. 37.31. 

ШГ25 1525.196.162.5.82.3). 
 62575:5.3.5!. 


int 1. J: 


for (v= 1: 1<6: 1++) 
| 
if(1 22 plant map[3][1]) 
| 
fort] 2 0:9 € 1H: ja) 
boost engine specs[j] » boost engine, options(y][n- 13]: 
| 
break; 
| 
| 


void endurance_engine_specs(boost_engine_specs,cruise_engine_specs) 


double boost engine specs[14]. /* Declare engine arrays. */ 
cruise, engine. specs[14].; 


{ 

double cruise_engine_options[14][3)] = 
| 
{26400.0, 16290.0, 7370.0}, 
(3600.0, 400.0, 520.0}, 
(1200.0, 125.0, 200.0], 
(0.0, 10.0, 10.0), 
(2.0, 3.0, 4.0). 
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(120000.0, 425500.0, 121275.0), 
(494.5, 255.3, 171.7}, 

(801.1, 395.7, 266.1}, 

126.5. 34.2, 20.0], 

ЕЕ 170,110), 

17212, 25.2, 12.3), 

(119.7, 12.6, 10.1}, 

(162.5, 19.6, 11.0}, 

{6.5, 5.43, 2.92}, 

): 


Int 1. J: 


iftplant, map[3][0] 22 0) 
| 
for(j = 0: J < 14: j++) 
| 
cruise engine specs[j] 2 boost engine. specs[]]: 
| 
| 
else 
| 
for(1=1;1<4;1++) 
| 
if(1 22 plant, map[3)[0]) 
| 
tor(j20:j « 14: j++) 
| 
cruise engine specs[j] 2 cruise engine. options[j][tci- 1i): 
| 
break: 
| 
| 
| 


double fuel load (ehp cruise, qpc cruise, xmission eff cruise, 
rpm, prop. cruise, gear ratio, 
cruise engine specs,main engine max p*wr) 


double ehp cruise, 
qpc. cruise, 
xmission, eff cruise, 
rpm, prop. cruise, 
gear ratio; 


double cruise engine. specs[14]; 


double main engine max pwr, 
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| 
double weight_fuel; 


double avg_endur_bhp_per_engine, 
rpm engine cruise, 
uncorrected sfc per engine, 
specified fuel rate, 

avg endur fuel rate. 
propulsion, endur, fuel, weight, 

f ratio. 

f factor: 


double avg 24hr elec load 2 AVG. ELEC LOAD, 
k34 bhp per eng. 

no bleed síc. 

bleed sfc. 

аус сіс. 

ејес_епацг Пе! weight. 

n online eng. 

pdss eff = 1.0, 

hp. per. pdss. 

hp per pdss no bild. 

hp. per pdss bid. 

avg endur bhp. per engine. no bld. 
avg endur bhp per engine bild. 
uncorrected sfc per engine no. bld. 
uncorrected sfc per engine bld. 
specified fuel rate no bild. 
specified fuel rate. bid. 

avg endur fuel rate no bld. 

avg endur fuel rate bid; 


Int 1; 


D" AE crac... 27 
/* Perform the no PDSS loop. x 
Б... ж/ 


if(plant, map[6][0] 22 0) 
| 
/* The program will assume that the total power required */ 
/* for cruise is split equally amongst all cruise engines. */ 


n online eng - (plant, map[4][0] * plant, map[5][0]); 
avg endur bhp per engine = 1.10 * ehp cruise / 


(qpc. cruise * xmission eff cruise * 
n online eng); 
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/* Check that the designated cruise engine will meet the cruise  */ 

/* power requirements. If the cruise engine type isa diesel, “/ 

/* allow for the increase in power rating as defined in the loop. */ 

y" MM crm Ud abc monEG. eenewdnad odas m 


if(cruise engine. specs(0] « avg endur bhp per engine) 

| 

if(plant map[3](0] !* 2 && plant. map[3][0] !2 3) 
| 
print "ERROR! The number of engines you selected"): 
printí("for cruise does not meet the power requirement ^n": 
printf( "The total engine BHP requirement for cruisen”): 
pnntí( is = %7.1f BHP NY, (avg endur bhp per engine * 

(plant. map[4][0]*plant map[5](0])); 

pnntf(" Re-run the program with more cruise engine power.\n\n"); 
return - 1.0): 


| 


ift plant map[3][0] 22 2) 
Í 
cruise engine, specs[3] 
cruise engine specs(0] 
if(cruise, engine, specs[0] 


| 


12 
cruise engine. specs[0] *12.0/10.0; 
» avg endur bhp per engine) 


cruise engine. specs[4] 2 3.0: 
cruise engine. specs[5] 2 507060.0: 
cruise engine specs[6] 2 279 6; 
cruise engine specs(7] 2 433 4: 
cruise. engine. specs[8] 2 37.0: 
cruise engine. specs(9] 2 17.0: 
cruise engine specs[10] z 25.2: 
cruise engine. specs[11] a 12.6; 
cruise engine specs[12] 2 19.6; 
cruise engine, specs(13] 2 6.23; 
goto pcá2end; 
| 

else 


| 
cruise engine specs[3] = 14.0; 
cruise, engine. specs[0] 2» cruise, engine, specs[0] "14.0/12.0; 
| 
if(cruise engine specs(0] » avg endur bhp per engine) 
| 


cruise engine specs[4] = 


cruise engine specs[5] = EM. 
cruise engine 5ресѕ[6] = 302.0; 
cruise engine specs[7] = 468.1; 
cruise engine specs(8] = 39.7; 


cruise engine. specs[9] 2 17.0; 

cruise engine. specs[10] = 26.2; 
cruise engine specs[11] = 12.6; 
cruise engine specs[12] - 19.6; 
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cruise engine specs[13] - 7.10; 


| 


else 


| 


pnntf("ERROR! The number of diesel engine[s] you selected"); 
printf("for cruise do not meet the power requirement. n"); 

prntf( The total engine BHP requirement for cruise\n"); 
pnntf("is = %7.1f BHP An", (avg_endur_bhp_per_engine * 


(plant_map[4)[{0)+plant_map([5][0]))): 


printf( "The largest available PC4.2 cruise diesen" s; 
pnntí("has 14 cvlinders and is rated at 22800 BHP. \n’): 
pnntft Re-run the program with more cruise engine powerán'n”); 


return - 1.0); 


рс42еп«:; 
| 


iftplant, map[ 5 


| 


10] == 3) 


emiise engine_specs(3] = 12.0: 
cruise_engine_specs[0] = cruise_engime_specs[0] *12.0/10.0; 
Ifícruise_engime_specs[0] > aveg_endur_bhp_per_engine) 


Í 


cruise engine 
cnuse engine 
cnuise engine 
cruise. engine 
cruise engine 
cruise engine 
cruise engine 
cruise, engine 


goto pc26end: 


| 


else 
cruise engine 
cruise engine 


| 


_specs[4] = 4.0: 
_specs[5] = 145530.0 
_specs[6] = 188.1: 
_specs(7] = 291.5 
Specs [SiS == 
EspecsioT sue ITO. 
_specs[10] = 14.9: 
specs(11] 2 10.1: 
-specs[12] » 11.0: 
_specs[13] = 3.40: 


_5рес5[3] = 14.0; 
—specs[0] 2 cruise, engine. specs[0] *14.0/12.0; 


if(cruise engine specs[0] » avg endur bhp. per engine) 


| 


cruise engine specs[4] = 


cruise, engine — 
cruise engine 


specs[5] = 165375.0; 
specs[6] - 203.2; 


cruise engine. specs[7] = 314.9; 
cruise engine specs[8] 2 26.6; 

cruise engine, specs[9] 2 11.0; 

cruise engine, specs[10] 2 14.9; 
cruise engine specs[11] = 10.1; 
cruise engine specs[12] 2 11.0; 
cruise engine specs[13] 2 3.38; 


lll 





goto pc26end: 


) 


else 


| 


cruise engine specs[3] - 


16.0; 


cruise engine specs[0] 2 cruise engine. specs(0] *16.0/14.0; 


| 


if(cruise engine. specs(0] » avg endur bhp per engine) 


| 


cruise engine, specs[4) = 4.0: 
cruise engine specs[5] 2 183015.0 
cruise engine specs(6] = 217.2: 
cruise engine specs[7] 2 336.6: 
cruise engine specs[8] = 29.0: 
cruise engine specs[9] 2 11.0: 
cruise. engine, specs[10] - 14.9; 
cnuise engine. specs[11] 2 10.1: 
emise engine specs[12] 2 13.1: 
dame engine specs(13] = 3.87: 


| 


else 


| 


prntí( ERROR! The number of diesel engine[s] vou selectedn ^): 


pnntt(” 
рпм. 
pnntt( is = 


pnntt( 


pnntít 


for cruise do not meet the power requirement. n Y: 

The total engine BHP requirement for cruisen i. 

fo) 1{ BHP n .\avg_endur_bhp_per_eneine * 
(plant_map[4]{0]+plant_map[5][0])1): 


‘The largest available PC2.6 cruise diesen’): 
“has 16 cylinders and is rated at 11792 BHP. 
pnntfi 


spo 
Re-run the program with more cruise engine power. nn ); 


return(- 1.0»: 


| 
pc26end:: 


rpm_engine_cruise = rpm_prop_cruise * gear_rauo; 


uncorrected_sfc_per_engine = 
engine sfc(avg endur bhp per engine, rpm engine cruise, 


if(uncorrected sfc per engine == 


| 


cruise engine specs(3], cruise engine specs[4]); 


-1.0) 
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return(- 1.0); 


| 


f ratio 2 avg endur, bhp per. engine * (plant, map[4][0] * plant. map[5][0])/ 
(main engine max, pwr * plant, map[4][1] + 
cruise engine specs[0] * plant. map(5][1]); 


if (f ratio «2 (1.0/3.0) 
| 
actor = 1.04. 
| 
else 
Í 
tor = 1.03: 
| 


rato >= (2.0,3.01 
| 
Mtacior = 1.02: 


| 
specified, fuel, rate = f. factor * uncorrected sfc per engine; 


Seena fuel rate = 1.05 * specified fuel rate: 


| Т ле factor TPA in the propulsion endur, tuel, weight *' 
/* formula accounts for tail pipe allowance. E, 


propulsion endur, fuel weight = 
RANGE/ENDUR, SPD * TPA * avg endur fuel rate * 
avg endur bhp. per engine * n online eng/ 
2240.0; 


ү» A A AA A A =) 
/* Calculate the electric fuel wt. For the DDG, the */ 

/* avg 24áhr elec load 2 2525.0. With two SSGTG's */ - 
/* rated at 2500 KW, assume both will be online =} 

/* to provide bleed air and equally split elec load — */ 

/* Note: .7457 KW = 1HP. 2 


k34 bhp per eng - avg 24hr elec load/2.0/0.7457; 


no bleed sfc 2 3.12*pow10(-19) * pow(k34 bhp per eng.5) + 
1.332*pow 10(-16) * pow(k34 bhp. per eng,4) - 
4.17*pow 10(-11) * pow(k34_bhp_per_eng,3) + 
3.06* pow 10(-7) * pow(k34_bhp_per_eng,2) - 

9.14* pow 10(-4) * k34 bhp per eng + 1.58; 





bleed síc 2 2.34*powl0(-19) * pow(k34 bhp per eng.5) - 
5.27*pow 10(-15) * pow(k34 Бар рег eng,4) 4 
1.24*pow10(-11) * pow(k34_bhp_per_eng,3) + 
1.35*pow10(-7) * pow(k34 bhp per eng.2) - 
7.43*pow10(-4) * k34 bhp per eng + 1.67; 


avg sfc 2 (no. bleed sfc * (1.0- ENDUR PCT BLD) * 
bleed sfc * ENDUR. PCT. BLDy; 


cono on cc... nn rr oro cm c cm c 4o db db db AMOUR Р ӘР ә Әһ Ф Әһ Ф Ф ӘР db AR “т = ч db oc «MAR db db ЧТ cm db cm cm db o m c Ro oo 


* The factor TPAÀ in the elec. endur. fuel. weight di 


/* formula accounts for tail pipe allowance. E 
/* 1.05 = plant detenoration factor. р; 
OS precalculated f_factor. 21 


= = + = = cm cm c "o db M db db Gb = cm quoc cm cm cm Ф ҹә Әр Ы ӘР ФЬ ат ӘН ҹә ә Әә db c ар Ән ӘР ҹә de c ар "P AD cm Gb db 4» "b db Gb AR db ч» ч» Gb - "M Gb db db db "m Wn т 


elec endur, fuel weight - 
RANGE/ENDUR SPD * TPA * (K34 bhp per eng * 2.0» * 
ЕИ ИО * ave_stc)/2240.0: 


pnntf( \n\wnNumber of engines used for cruise = “3.1 f\n". n_online_eng): 

рппи "ауе endur bhp per eng = %8.2f BHP\n". avg_endur_bhp_per_engine). 

printti“uncorrect_sfc_per_eng = “6 Sf LB/HP/HRmn”. 
uncorrected_sfc_per_engine): 

pnntti propulsion f. factor = “3 4f\n". f_tactor): 

print, wall Pipe Allowance = °c6.3f\n". TPA): 

pnntít pct of endurance time w/bleed = “6. 3f\n". ENDUR_PCT_BLD): 

pnntf("avg endur, fuel rate 2 %6.45f LB/HP/HR\n . avg_endur_fuel_rate 1: 

pnntf( K34_BHP_per_eng = °8.2f\n". k34_bhp_per_eng): 

printt( The elec avg_sfc = %7.Sf LB/HP/HR.\n\n", avg_sfc): 


pnrntf( "The electrnc fuel wt 2 %7.1f LTONSAN”, 
elec, endur, fuel, weight); 


printf(" The propulsion fuel wt = %7.1f LTONS.\n", 
propulsion endur, fuel, weight); 


weight. fuel 2 propulsion, endur, fuel weight * elec endur fuel weight; 


| /* note this brace is for the end of the no PDSS loop */ 


[т EEE A LED. S... l... l... аво wi 
Ы БЕРСЕ... x 

/* Perform the overall PDSS loop. */ 

pom a cese 2 
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1f(plant_map[6][0] == 1) 
| 


/* The program will assume that the total power required */ 
/* for cruise is split equally amongst all cruise engines. */ 


n online, eng - plant, map[4][0] * plant, map[5][0]. 


ie ei eg I po a a a 27 
/* Perform this 1f loop for PDSS if theres only one cruise. “*/ 
* engine online. 


Us E a rr e = 


1f(n_online_eng == 1) 


/* Assume that the electnc load is split equally 
/* between one PDSS and one SSGTG. The SSGTG will 
/* supply bleed air has determined by ENDUR_PCT_BLD. */ 


/ »* 


hp per pdss - avg 24dhr elec load/ 
( ЛАА] *epdssseft): 


k34 bhp per eng - hp per pdss: 


avg endur bhp per engine z 1.10 * ehp cruise / 
(qpc. cruise * xmission eff cruise) + 


hp. per, pdss: 


/* Check that the designated cruise engine will meet the cruise. */ 


/* power * PDSS load requirements. E, 
y" anne = 


1f(cruise_engine_specs[0] < avg_endur_bhp_per_engine) 
Í 
printf( ERROR! The number of engines you selected); 
printf("for cruise does not meet the power requirement n"); 
printf("The total cruise power + PDSS load requirement); 
printf("is = %7.1f BHP.Nn", avg endur bhp per engine): 
printf("Re-run the program with more cruise engine power.\n\n’); 
retum(- 1.0); 


rpm engine cruise 2 rpm, prop cruise * gear ratio; 
uncorrected sfc per engine - 


engine sfc(avg endur bhp per engine, rpm, engine cruise, 
cruise engine specs[3], cruise engine specs[4]); 
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if(uncorrected sfc per engine 2z -1.0) 


| 


retum(- 1.0); 


f ratio 2 avg endur bhp per engine * n online. eng/ 
(main, engine max, pwr * plant. map[A][1] ^ 
cruise engine specs([0] * plant, map(5][1]» 


if (f£ ratio «2 (1.0/3.0» 


| 
Factor = ].04: 


} 


else 


| 
f factor = 1.02: 


J 
If (f_ratio >= (2.0/3.0)) 
| 
Шғасот- 1.07: 
| 


specified fuel rate 2 f. factor * uncorrected  sfc. per engine: 


avg endur, fuel rate = 1.05 * specified fuel rate: 


0 ll... ll... - ЕЕ вс NE =) 
/* The factor TPA in the propulsion_endur_fuel_weight */ 

/* formula accounts for taıl pıpe allowance. El 

Т РЕВЕРС ee corra f 


propulsion, endur. fuel weight 2 

RANGE/ENDUR, SPD * TPA * avg endur fuel rate * 

avg endur bhp per engine * (plant map[4][0] 4 plant. map[5][0])/ 
2240.0; 


мы AA * 
/* Calculate the electric fuel wt. For the DDG, the */ 

/* avg_24hr_elec_load = 2525.0. With two SSGTG's */ 
/* rated at 2500 KW, assume two will be online equally */ 
/* shanng the load. Note: .7457 KW = 1HP. */ 


no bleed sfc = 3.12*pow10(-19) * pow(k34 bhp. per eng.5) * 
1.332*pow10(-16) * pow(k34 bhp per eng.4)- 
4.17*powl0(-11) * pow(k34 bhp. per eng.3) * 
3.06*pow10(-7) * pow(k34 bhp per eng,2)- 
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9.14*pow 10(-4) * k34 bhp. per eng + 1.58; 


bleed_sfc= 2.34*powl10(-19) * pow(k34 bhp per eng.5) - 
5.27*pow10(-15) * pow(k34 bhp. per eng.4) * 
1.24*powl0(-11) * pow(k34 bhp per eng.3) « 
1.35*pow 10(-7) * pow(k34 Бар per епе,2)- 
7.43*pow 10(-4) * k34 bhp. per eng - 1.67; 


avg sfc 2 (no bleed sfc * (1.0- ENDUR PCT BLD) + 
bleed sfc "* ENDUR PCT BLD): 


p" IA AR AE o s i 
/* The factor TPA in the elec, endur. fuel, weight i, 

/* formula accounts for tail pipe allowance. i 

/* 1.05 = plant detenoration factor. E 

/* 1.03 z precalculated f factor. */ 

/ж . 


Фе е Ф Ф Ф Ф е Ф cm 4b o m cm db db om oum [Pow "D Ab 4D db 4b db cm 4D ж өсе» cm UD cn "D 4b "D UD =з ©з єз єт єз єз =з єз =з єз єз «> «> єз єз єз =з єз єз сз GR єз єз єз Gm Gm m m 


elec endur, fuel, weight = 
RANGE/ENDUR, SPD * TPA * (k34 bhp per eng * 2:0 * 
NES |І 03 “аур 51с)/2210.0: 


pnntf( ^w NiNumber of engines used for cruise = (c 3.1fn". n online. eng): 
pnntf( HP per PDSS = %8.2f BHPwn". hp per pdss: 
prntf("K34 BHP per eng = %8.2fBHPn".k234_bhp_per_eng): 
pnntf( "avg endur bhp per eng z *78.2f BHPn'. avg endur bhp per engine: 
pnntft "uncorrect_sfc_per_eng = 76 Sf LB/HP/HR\nN". 

uncorected stc per engine): 
prntf("propulsion f_factor= %3.4£n”. f_factor»: 
pnntf( "Tail Pipe Allowance = %6.3f\n"", TPA): 
pnntft pct of endurance ume w/bleed 2 %6.3£n”, ENDUR_PCT_BLD), 
pnntf( avg endur, fuel rate 2 €t6.5f LB/HP/HRN . avg endur, fuel rate 
pnntf( "The elec avg sfc 2 767.5f£ LB/HP/HR NIwvY', avg  sfc 


printf( The electric fuel wt 2 7£7.1£ LTONS ^а", 
elec endur. fuel, weight); 


printf("The propulsion fuel wt 2 ?£7.1f LTONS Nim, 
propulsion, endur, fuel weight); 


weight fuel 2 propulsion endur. fuel weight 4 elec endur fuel weight; 


| /* note this brace is for the end of n online engzl loop */ 


i KS sss е ығ... Sus a EESE EE i = 
/* BEEN o PME lc s s saaasanspdEDMESG Meu nm did WA d aw er 
/* Perform this if loop for PDSS if there's more than one cruise */ 

/* engine online. b 

ІР AR ES A RA A ee a u un ”/ 
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if(n online eng > |) 


/* Assume that the electric load is split equally */ 

/* between the online PDSS units and the one SSGTG, */ 

/* when that SSGTG is supplying bleed air has m 

/* determined by ENDUR. PCT BLD. When the SSGTG is not*/ 
/* required to supply bleed air has determined by */ 

/* (1.0- ENDUR_PCT_BLD), assume the SSGTG is offline .*/ 


/* Hence the electric load 1s split between the E 
/* online PDSS units only. el 
p" KS A O A at a 2 


hp. per pdss no bld - avg_24thr_elec_load/ 
(n. online eng * 0.7457 * pdss eff»: 


hp. per. pdss. bid 2 avg 2dhr elec load/ 
monne enge tr O i 7157 pdss-eff): 


k34 bhp per eng 2 hp per pdss bild; 


avg endur bhp per engine no bld z 1.10 * ehp cruise / 
(n online. eng * qpc cruise * xmission eff cruise) 7 
Пр рег р455 по М4; 


ive endur bhp per engine b.. = 1.10 * ehp спиве / 
(n online eng * qpc cruise * «mission eff cruise) + 
hp. per pdss bid: 


ж ж 
Ш 7 ---------------------------------------------------------<----<-------- / 
/* Check that the designated cruise engine will meet the cruise */ 

* power + highest PDSS load requirements. ey 
I" II aa е 


if(cruise engine specs[0] « avg endur. bhp. per engine no bld) 
| 
printf( "ERROR! The number of engines you selected); 
printf("for cruise does not meet the power requirement.\n”); 
printf( "The total cruise power + PDSS load requirement"); 
printf("is = %7.1f BHP.\n", avg_endur_bhp_per_engine): 
pnntf("Re-run the program with more cruise engine power.\n\n"); 
retum(- 1.0); 


rpm, engine cruise - rpm, prop. cruise * gear ratio; 
uncorrected sfc per engine no bld- 
engine sfc(avg endur bhp per engine no bid, rpm engine cruise, 


cruise engine specs[3], cruise engine specs[4]); 


uncorrected sfc per engine bld - 
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engine sfc(avg endur bhp per engine bld, rpm engine cruise, 
cruise engine specs[3], cruise engine specs[4]); 


if(uncorrected sfc per engine no bld z- -1.0) 
| 

retum(- 1.0); 

| 

ifrtuncorrected sfc per engine  bld zz -1.0) 


| 


returnt - 1.0): 


f rano z avg endur bhp per engine no bhld * n online eng/ 
(main, engine max pvwr * plant тар(|4111|- 
cruise engine specs(0] * plant. map[5][1]:: 


ПИ табо <= (1.0/3.0)) 
| 

I o (or = 1.04: 

| 


else 


1 

factor = 1.03; 

| 
ШІІГгапо >- (2.0/3.0)) 


Petactor = 102; 


| 


specified fuel rate no. bld = f_factor * 
uncorrected sfc per engine no bild; 


specified fuel rate bld 2 f factor * 
uncorrected sfc per engine bild; 
avg endur fuel rate no bld - 1.05 * specified fuel rate, no bld: 


avg endur fuel rate bld - 1.05 * specified, fuel rate, bld: 


РЕК 0000 АСЕ ааа m 2.2... */ 
/* The factor TPA in the propulsion_endur_fuel_weight */ 

/* formula accounts for tail pipe allowance. Uu 

/* rra a */ 


propulsion endur fuel weight = 


RANGE/ENDUR_SPD/2240.0 * TPA * n online eng * 
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((ENDUR, PCT. BLD * avg endur fuel rate bid * 
avg endur, bhp. per engine bid) * 


( (1.0- ENDUR PCT BLD) * avg endur fuel rate no bild * 
avg endur bhp.per engine no, bld)); 


Ж БРЕТТ ei ne aad desde qm lasse */ 
/* Calculate the electric fuel wt. For the DDG, the */ 

/* avg 24hr elec load 2 2525.0. With one SSGTG "i 
/* rated at 2500 KW. assume it will be online only */ 

/* to provide bleed air. When it is online it will */ 

/* also share the elec load. Note: “157 KW =1HP. */ 


bleed_stc= 2.34*pow 101-191 * powik3d4_bhp_per_eng.S) - 
5.27*powl10r-135) * powtks4_bhp_per_eng.4) + 
1.24*pow10(-11) * pow(k34_bhp_per_eng.2) + 
1.35*pow10(-7) * powtk34_bhp_per_eng.?) - 
7.43*pow 10(-4) * k34 bhp per eng + 1.67: 


ИЕТ ааа. “/ 
* The factor TPA in the elec. endur, tuel, weight n 

™ formula accounts tor tal pipe allowance. = 

* 1.05 = plant detenoration factor. "í 

Duros precalculated f_factor. E 

/% -------------------------------------------------------------------- */ 


elec_endur_fuel_weight = 
RSE ENDUR_SPD *ENDUR_PCT_BLD/2240.0 * TPA * k34_bhp_per_eng * 
(1.05 * 1.03 * bleed_sfc), 


printf('\n\nNumber of engines used for cruise = %3.1f\n", n_online_eng); 
printf("HP per PDSS w/no-bleed = %8.2f BHP\n", hp_per_pdss_no_bid); 
printf("HP per PDSS w/bleed = %8.2f BHP\n", hp_per_pdss_bid): 
prıntf("K34_BHP_per_eng w/bleed = %8.2f BHP\n". k34 bhp per eng); 
printf("avg_endur_bhp_per_eng_no_bld = %8.2f BHP\n’, 
avg_endur_bhp_per_engine_no_bld); 
printf("avg_endur_bhp_per_eng_bld = %8.2f BHPW”, 
avg_endur_bhp_per_engine_bld); 
printf('uncorrect sfc per eng no bld 2 %6.5f LB/HP/HRw”, 
uncorrected, sfc per engine no bld); 
pnntf("uncorrect sfc per eng bld 2 %6.5f LB/HP/HRw”, 
uncorrected sfc per engine bld); 
printf( "propulsion f factor 2 %5.4fin", f_factor); 
printf("Tail Pipe Allowance = %6.3f\n", TPA); 
printf("pct of endurance time w/bleed 2 %6.3f\n", ENDUR_PCT_BLD); 
prntí('avg endur fuel rate no bld 2 %6.5f LB/HP/HRw”, 
avg endur. fuel rate, no, bld); 
printf("avg_endur_fuel_rate_bld = %6.5f LB/HP/HRw”, 
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avg endur fuel rate bld); 
printf("K34 w/bleed SFC = %7.5f LB/HP/HR.\n\n", bleed_sfc): 


ргіп ("Тһе electric fuel wt = 9%7.1# ТОМ ^а", 
elec endur. fuel, weight); 


printf( "The propulsion fuel wt 2 907.1£ LTONS c, 
propulsion, endur, fuel weight): 


weight fuel 2 propulsion endur fuel weight * elec endur, fuel weight: 


| /* note this brace ıs for the end of n online. eng»l loop */ 


| /* note this brace is for the end of the PDSS loop */ 


reum (weight, fuel); 


double engine sfc(bhp. rpm. number cylinders. eng. tvpe? 


double bhp. 

rpm, 
number_cylinders, 
eng tvpe: 


| 


double pct_bhp. 
sfc: 


ifleng_type == 1) 

Г. = Im2500_map(bhp,rpm); 
E... == 2) 

T = bhp/26400.0: 


Sfc 2 0.2353 * pow(pct_bhp,-0.3485) + 
0.1237 * pow(pct_bhp, 1.4870); 
CT ш- 3) 
Я - pc42 sfc map(bhp,rpm.number cylinders); 
Е... == 4) 
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| 

віс -рс26 sfc map(bhp.rpm,number cylinders); 
| 

iffeng_type == 5) 
| 
sfc = -1.844 * pow(bhp.-2.0270) + 
6.633 * pow(bhp,-0.3178); 
| 


returni sfc ): 

| 

D" MM lel ve uen messes ermonw-TT =) 
а MEME c Е сава cio E 2 


double im 2500 maptengine, bhp. engine. rpm! 


double engine bhp. 
engine rpm. 


| 
/* This function provides the L\12500 engine parameters of: */ 
/* SFC = specific fuel consumption in Lb/Hp-Hr */ 
* T8 z exhaust duct discharge total temp in deg R */ 
* WS = exhaust duct discharge flow in Lb/sec */ 
P8 z exhaust duct discharge total pressure in PSIA */ 
1* CP8 =exhaust duct discharge specific heat in BTU/Lb-Deg. К */ 
¡* It performs linear interpolation on a given engine BHP and NPT */ 
/* using the tabular engine performance map tor 100 Deg. F. It */ 
/* also accounts for three losses defined in the define statements. */ 


ж 


unsigned int lower r^ w, /*bottom bhp bound for interpolation */ 


higher row. /*upper bhp bound for interpolation*/ 
left column. /*left rpm bound for interpolation*/ 
right_column, /*right rpm bound for interpoaluon*/ 
param; /*counter used to recall parameters */ 


float bhp ratio, — /*bhp ratio for linear interpolation*/ 
rpm, ratio, /*rpm ratio for linear ınterpolation*/ 
param_lower_rpm,  /*engine parameter at desired bhp and*/ 
/*lower rpm interpolation bound */ 
param upper rpm;  /*engine parameter at desired bhp and*/ 
/*upper rpm interpolation bound*/ 


/*declare the parameter correction factor variables for inlet, */ 
/*exhaust, and humidity losses */ 


double inlet sfc fac, inlet t8 fac, inlet w8 fac, inlet p8 fac, 
inlet cp8 fac, exhaust. sfc fac, exhaust t8 fac, 





exhaust, w8 fac, exhaust, p8 fac, exhaust. cp8 fac, 
humidity sfc fac, humidity t8 fac, humidity w8 fac, 
humidity p8 fac, humidity cp8 fac, sfc factor, t8 factor, 
“8 factor, p8 factor, cp8, factor: 


/*declare and initialize the arrays */ 


/* declare the array that will output the five operating*/ 

/*parameters of SFC, T8, W8, P8, and CP8 for the given */ 

/* engine BHP and NPT. The array will store the parameters */ 
/* in the order listed above. */ 


tloat parameter_engine [5]: 


/* declare and initialize the array that defines the BHP */ 
/* values for the tabular rows */ 


float bhp [12] = { 182.0. 1000.0. 3000.0. 5000.0. 10000.0. 
1300.0, 17500.0. 20000.0. 2200.0. 
25000.0. 27500.0. 20000.01): 


/* declare and initialize the array that defines the rpm */ 
/* values for the tabular columns */ 


float rpm [7] 2 (900.0. 1200.0. 1800.0. 2400.0. 3000.0. 
3300.0. 3600.01 J: 


* declare and initialize the array that maps the five */ 
* engine parameters. */ 


float engine, map [5](12)(7] = 

| 

| 
(5.4071, 3.8394. 0.0, 0.0, 0.0, 0.0, 0.0), 
(1.6962. 1.6021. 1.6040, 1.7396, 1.9825, 2.1302. 2.3004], 
(.9678, .90312. .86855, .87937, 92378, .9569, .99805 }, 
(.85648, .73477, .6692, .66606, .68551, .70115, .72322), 
(0.0, .65875, .54401, .50957, .50801, .51213,.51859), 
(0.0, 0.0,.50343, .46102, .44704, .44637, .44825], 
(0.0, 0.0,.49543, .44506, .42874, .42696, .42701], 
(0.0, 0.0, .49107, .43374, .41471, .41157, .41097] , 
(0.0, 0.0, 0.0, .4265, .40395, .40007, .39883}, 
(0.0, 0.0, 0.0, .42436, .39543, .3902, .38784], 
(0.0, 0.0, 0.0, 0.0, .39174, .38384, .38035), 
(0.0, 0.0, 0.0, 0.0, .39124, .38182, .37709) 
Й 
( 
(1278.0, 1284.6, 0.0, 0.0, 0.0, 0.0, 0.0}, 
{1285.4, 1287.9, 1303.2, 1321.8, 1341.2, 1354.3, 1365.3}, 
[1239.9 1266.1, 1317.3, 1341.7, 1356.8, 1362.1, 1367.1), 
(1326.5, 1268.9, 1277.5, 1308.5, 1335.5, 1347.5, 1360.4], 
(0.0, 1448.6, 1351.5, 1333.3, 1354.8, 1369.2, 1383.0], 
(0.0, 0.0, 1438.6, 1398.5, 1393.4, 1403.0, 1414.8], 
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(0.0, 0.0, 1489.0, 1423.0, 1413.7, 1419.8, 1427.7], 
(0.0, 0.0, 1543.2, 1449.7, 1432.2, 1434.6, 1441.3], 
(0.0, 0.0, 0.0, 1482.6, 1450.7, 1452.1. 1458.1], 
(0.0, 0.0, 0.0, 1533.0, 1470.3, 1466.6. 1469.4), 
(0.0, 0.0, 0.0, 0.0, 1508.9, 1491.4, 1488.1], 
m0) 0.0, 0.0, 0.0. 1561.0, 1534.2, 1524.6} 
Е 
{ 
12577. 22.564, 0.0, 0.0, 0.0, 0.0, 0.01, 
(42.681. 39.839, 39.088, 41.82, 47.104, 50.103. 53.693], 
3 76.65.2353. 57.912. 56.889. 59.057. 61.114. 63.768), 
E5418, 74.213. 71.839, 70.446. 71.301, 72.8232 f. 
IIS $2. [02.0. 95,618, 92 482, 91 733. 91.667 |. 
(0.0, 0.0, 123.02. 114.2, 109.91. 108.34. 107.39]. 
ANO 132.18, 122.71. 117.47. 115.86, 113.74). 
020.0, 130.33. 1230.66. 124.79, 122.99. 121.71). 
ШІСІ (0, 117,85. 151,55, 129.67, 128.12}. 
Zur 00. E33 351. 138 45. 136.19. 134 45]. 
IO. 0.0. 0,0, 113 409, 141 "9. 140.27}, 
meee oO, 0.0. 0.0, 147.29, 146.09, 144.76] 
ү, 
| 
(14.699. 142.699, 0.0. 0.0, 0.0. 0.0. 0.0). 
ENS 706. 14.707. 14.709. 14:214. 14.714; 13.716]. 
BEER 14725 1472,14 722. 13:722, 123.726]. 
(14.761, 14.748, 14.738, 14 732, 14.733. 14.734, 14 734}, 
ШШШЕГЕН |1775, |1765. 1176. 11759, 14 "7621. 
unu 03/6. 14-797. 14 789, 13.786, 14 788 |, 
ШОШО 841. 14 RIA. E4-804. 14.802. 1-1 7991. 
MO 13.862, 14.833. 14.82, 14.315. 14.814). 
0.0, 14.852, 14.835, 14.822, 14.828). 
NIDO 0. 14871. 11.852, 14245, 14.243), 
NAO 0.0, 0.0, 14.866, 14.861. 14.857}. 
{0.0. 0.0, 0.0, 0.0. 14.883, 14.879, 14.873} 
i 
| 
12511726166, 0.0, 0.0, 0.0, 0.0, 0.0), 
(.26176, .26189, .26251, .2632. .26392, .26441. .26482], 
{.26015, .26127, .26342, .26441, .26498, .26516, .26533}, 
{.26381, .26158, .26205, .26336, .26445, .26491, .2654}, 
{0.0, .26917, .2655, .26488, .26579, .26639, .26694}, 
{0.0, 0.0, .26935, .26791, .26779, .2682. .26869}, 
(0.0, 0.0, .2715, .26906, .26879, .26907, .26941 }, 
(0.0, 0.0, .27378, .27029, .26971, .26984, .27014], 
105020:020:0, .27176. .27062, .27072, .27099], 
ШІ 77.00, 27392 .27155,.27146,.27161)|, 
ШІ ШУ!) 0-0, 0.0, .27326, .27261,.27251), 
(0.0, 0.0, 0.0, 0.0, .2755,.27448, 27414) 
) 

[р 


ЕЕЕ ғы 52——- “/ 


for (lower row 2 0; lower row « 11; lower row4-) 
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/* Calcutate the corrections for inlet, exhaust, and humidity. */ 


inlet sfc fac 2 0.001125 * INLET LOSS « 1; 
inlet t8 fac 2 0.001875 * INLET LOSS « I; 
inlet w8 fac 2 -0.001375 * INLET LOSS « 1; 
iniet p8. fac 2 0.0 * INLET LOSS +1; 
inlet cp8. fac 2 0.00040 * INLET LOSS + 1; 
exhaust sfc fac 2 0.001295 * EXHAUST LOSS « 1; 
exhaust t8 fac 2 0.00098 * EXHAUST LOSS + 1: 
exhaust w8 fac 2 0.0003636 * EXHAUST LOSS -« 1: 
exhaust p8. fac 2 0.00245 * EXHAUST LOSS + |: 
exhaust, cp8. fac 2 0.0020 * EXHAUST LOSS - 1: 
humidity. sfc. fac 2 0.0000387 * HUMIDITY + 1; 
humidity t8. fac 2 -0.0000057 * HUMIDITY + 1: 
humidity w& fac 2 -0.00005 * HUMIDITY 4 |; 
humidity. p8. fac = 0.0 * HUMIDITY + 1; 
humidity_cp8_fac = 0.000125 * HUMIDITY + 1: 


Siemractor = inlet_sfc_tac * exhaust_stc_fac * humidıty_sic_fac: 
t&-factor - inlet t& fac * exhaust. t8. fac * humidity. t8. fac: 

w8 factor — inle' w8 fac * exhaust, :w8 fac * humidity, w& fac; 
p&_factor = inlet. p8. fac * exhaust, p8. fac * humidity, p8 fac; 
cp8_factor 2 inlet cp&8. fac * exhaust, cp8. fac * humidity, cp8 fac; 

Jt ОЕ ООС а ОСО ЕСЕ еа а с ы сыы = 


return(parameter engine [0] * sfc_tactor): 


double pc42_sfc_map(engine_bhp,engine_rpm.number_cylinders ) 


double engine_bhp, 
engine_rpm, 
number cylinders; 


| 


/* This function provides the PC 4.2 engine parameter of: */ 
/* SFC = specific fuel consumption ın Lb/Hp-Hr. */ 


/* It performs linear interpolation on a given engine BHP and RPM */ 
/* using the tabular engine performance map for ISO conditions. */ 

/* The SFC performance maps are based on a per cylinder basis. */ 
/* The total engine bhp 2 cylinder bhp * number cylinders. */ 


unsigned int lower row, /*bottom bhp bound for interpolation*/ 


higher row, /*upper bhp bound for interpolation*/ 
left column. /*left rpm bound for interpolation*/ 
nght column; /*right rpm bound for interpoaltion*/ 
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float cylinder bhp, 
fuel rack limit rpm, 

bhp. ratio, /*bhp ratio for linear interpolation*/ 

rpm. ratio, /*rpm ratio for linear interpolation”/ 

param lower rpm, /*engine parameter at desired bhp and*/ 
/*lower rpm interpolation bound*/ 

param upper rpm;  /*engine parameter at desired bhp and*/ 
/*upper rpm interpolation bound*/ 


/*declare the vanable that will output the engine operaung*/ 
/*parameter of SFC for the given engine BHP and RPM.*/ 


float parameter engine: 


/* Declare and initualize the arrays */ 


/* declare and initialize the array that defines the BHP */ 
/* values tor the tabular rows */ 


Eus = 152.0. 100.0. 250.0. 400 0, 567.0. 
600.0. 800.0. 1000.0. 1200.0. 
1400.0. 1466.0. 1629.01 


/* declare and imualize the array that defines the rpm */ 
* values for the tabular columns */ 


ШЕГІ |) = { 125.0. 150.0, 175.0, 200.0, 225.0. 
ЕШ 275.0, 300.0, 325.0, 350.0, 375.0, 400.01); 


/* declare and initialize the array that maps the */ 
/* engine SFC parameters. */ 


float engine map [12][12] 2 
| 


(.348, .349, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0], 

(.344, .345, .345, .346, .347, .347, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0], 
¡NS 1333, .335, .336, .338,.339,.341,.343, .345, 0.0, 0.0), 
ШШ 0.0. .323, .325, .327, .329, .331, .333, .334, .335, .539], 
0:00, 0.0,0.0, 516, .317,.318, .320, .323, .326,.331), 
i00. 0.0. 0.0, 0.0, ,314,.315. .316,.317,.321, .324,.327), 
¡070 0.0, 0.0, 0.0, 0.0, ,308, -307, .307, .308, .309, .313), 
TOTO 0. 0.0. 0.0, 0.0, 0.0, 0.0, .304, .303, .303, .304, .305] , 
ШІ 79, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .303, .298, .298, .301}, 

foo 0, 0-0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .304, 300, .300}. 

(0.0, 0.0, 0.0, 0.0, 0.0, 0.0. 0.0, 0.0, 0.0, .304, .303, .301], 

(0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .306, .304), 
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cylinder bhp - engine. bhp/number cylinders; 


/* Ensure that the BHP and RPM are within the PC4.2 fuel */ 
/* rack limitations. */ 


ıftcylınder_bhp >= 567.0) 


| 
fuel rack limit, rpm 2 0.1105 * cylinder bhp + 204 23. 


ifíengine_rpm < fuel rack, limit, rpm) 


| 
pnntf(" This engine BHP of %7.1f and RPM of %S.Ofin”. engine_bhp, engine_rpm): 


pnntf( are outside the engine fuel rack limitations^n »: 
pnntf( Re-examine the BHP and RPM operating regimen” y, 
permet - 1.0». 
j 
| 


йы ЦЕ ОССО ССС nee nee 5 
for (lower row 20: lower row« Il: lower row 4! 


| 


tugher_row = lower_row + |. 


if (bhp (low er_row] <= cylinder_bhp 
&& cvlinder bhp « bhp [higher row]) 


| 


bhp ratio = tcylınder_bhp - bhp [lower row] 
(bhp [higher row] - bhp (lower row] 


ү” ES ы“ m 
for (left column 2 0; left column « 12: left_column++) 


| 


rnght column z left column + 1; 


if (rpm [left column] «2 engine. rpm 
&& engine rpm « rpm [right column]) 
| 
rpm, ratio z (engine rpm - rpm [left column])/ 
(rpm (right column] - rpm [left column]); 


if (engine map (higher row](left column] -- 
ll engine. map (lower. row][right, column] 2» 0) 


| 
printf("This BHP of %7.1f and RPM of %5.0fn", engine_bhp, engine_rpm), 
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printf("are outside the ISO conditions engine map interpolation zone Mn”); 
printf("Re-examine the PC4.2 BHP and RPM operating regime Nm ^); 
retum(- 1.0); 


| 


param lower rpm z bhp ratio* 
(engine map (higher, row)(left column]- 
engine map [lower row][left column] 
engine map [lower row](left column]; 


param, upper rpm - bhp rato* 
engine. map (higher, row J[nght. column]- 
engine map [lower row][nght column])* 
engine map [lower row][nght, column]: 


parameter engine - rpm ratio* 
(param upper rpm - param lower rpm) * param lower rpm: 


return(parameter engine ›: 


ona a cm cm cm «= «= «5 «= 2 2222 ар еә ә ә Әә ар ар р ӘБ Әр чә р әр ар әр ар GR apod oum dp cR ар ар JP cm "b “Р с> A - 


double pc26 stc mapiengine bhp.engine. rpm.number cylinders) 


double engine bhp. 
engine rpm. 
number cylinders; 


| 
/* This program provides the PC 2.6V engine parameter of: */ 


/* SFC = specific fuel consumption in Lb/Hp-Hr. */ 


/* It performs linear interpolation on a given engine BHP and RPM */ 
/* using the tabular engine performance map for ISO conditions. */ 

/* The SFC performance maps are based on a per cylinder basis. */ 

/* The total engine bhp » cylinder bhp * NUMBER CYLINDERS. */ 


unsigned int lower row, /*bottom bhp bound for interpolation"/ 


higher row, /*upper bhp bound for interpolation*/ 
left column. /*left rpm bound for interpolation*/ 
nght column; /*right rpm bound for interpoaluon*/ 


float cylinder_bhp, 
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| 
| 


бар гайо, /*bhp ratio for linear interpolation*/ 

rpm. ratio, /*rpm ratio for linear interpolation*/ 

param lower rpm, — /*engine parameter at desired bhp and*/ 
/*lower rpm interpolation bound*/ 


. param, upper rpm; /*engine parameter at desired bhp and*/ 


/*upper rpm interpolation bound*/ 


/* declare the variable that will output the engine operaung*/ 
/*parameter of SFC for the given engine BHP and RPM.*/ 


float parameter engine; 


/* Declare and iniualize the arrays */ 


* declare and imualize the array that defines the BHP */ 
* values for the tabular rows */ 


float bhp (8] 2 (40.0. 100.0. 200.0. 300.0. 100.0. 
S000 600 0.73701): 


/* declare and iniualize the array that defines the rpm */ 
/* values for the tabular columns */ 


о) = (200.0, 225.0, 250.0, 275.0. 300.0, 225.0. 
350.0. 375.0, 300.0. 425.0. 450.0. 475.0, 500.0, 520.01]. 


/* declare and initialize the array that maps the */ 
/* engine SFC parameters. */ 


float engine_map [8][14] = 


fend. 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0. 


0.0, 0.0}, 

(.349, 353, .355, .355, .356, .358, .359, 0.0, 0.0, 0.0, 0.0. 0.0, 
0.0, 0.0}, 

(0.0, 0.0, 0.0, .324, .325, .326, .326, .328, .328, .329, .330, .331, 
.333, .336], 

(0.0, 0.0, 0.0, 0.0, 0.0, .321, .320, .319, .319, .319, .32, .32, 
.321, .321], 

(0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .316, .314, .312, .312, .312, 
BI? 314], 

(0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .311, .310, .310, 
210.311}, 

(0.0. 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .311, .310, 

.310, .310], 

(0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, .312, 

БҮЙ” 312). 
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1 
| 


= 
С 
Ф «=> 
P 


cylinder bbp - engine bbp/number cylinders; 


y" arias */ 


for (lower row 20; lower row « 11; lower row-4-4) 
| 


higher row s lower row + 1; 


if (bhp [lower row] «2 cylinder bhp 


&& cylinder bhp « bhp [higher row ]) 
| 


bhp. ratio = (cylinder. bhbp - bhp (lower row] 
(bhp [higher row] - bhp [lower row ]): 


E M 
Бє ыыы ыыы ыыы ы = == = = == = == э == == ш = == == = шз шш HT ICH EHE SE = 


tor (left column 2 0; left column « 12: lett column) 


| 


nght column z left column + |: 


if (rpm [left column] «2 engine rpm 


&& engine rpm « rpm [right column]) 


| 
rpm, ratio 2 (engine. rpm - rpm (lett column] 


(rpm (nght, column] - rpm [left column]: 


if (engine map (higher, row][left. column] 22 0 
l engine map [lower row][nght column] 22 0) 
| 


prntt "This BHP of %7.1f and RPM of %5.0fn”. engine_bhp. engine_rpm); 
printf("are outside the ISO conditions engine map interpolation zone”); 


printf("Re-examine the PC2.6 BHP and RPM operating regime .\n\n’); 
return(- 1.0); 


| 


param lower rpm = bbp_ratio* 
(engine map [higher row][left column]- 
engine map [lower row](left column] 
engine map (lower row](left column]; 


param, upper rpm z bhp ratio" 
(engine map [higher row][right column]- 
engine map (lower row][right column])* 
engine map [lower row][nght. column]; 


ІЗ! 





parameter engine - rpm ratio" 
(param, upper rpm - param. lower rpm) * param lower rpm; 


return(parameter engine); 
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Appendix F 
Sample of Qutput 


The following pages provide samples of output from the engine's program. The 
program was executed with three variations: cruise with no PDSS, cruise with only one 
on-line PDSS, and cruise with more than one on-line PDSS. Each of these variations has 


a slightly different output that shows the power split between engines. 





Select one of the four propulsion options. 
1 Mechanical Drive. 

2 Electric Drive. 

3 Mechanical with Electric Hybrid drive. 
4 Multiple Dispersed Waterjets. 
m 
9 


elect the number of propulsors used for cruise. 
l One propulsor. 


Two propulsors. 
EE Unree propulsors. 


2 

Select the number of propulsors used for boost. 
Bro cropulsors 

DEhree propulsors. 

à 

eleet cne of the propulsor options. 
1 FPP 

2 CRP 

 Сопсга-сосасігпа 

fee swirl Stator 

peeeeueted FPP 

ПОПЕ геа сяр 

МИЕ беа Contra-rotating 

"Ducted Preswirl Stator 

9 Waterjet 

2 


Select the desired mechanical transmission options. 


Epicyclic on each shaft. 

LTDR on each shaft. 

LTDR with reversing mechanism on each shaft. 
LTDR on each shaft with cross-connect. 


N ib C) h) I^ 


The following questions are used to determine the engine 
type(s].and alignments to operate the propulsion system. 
Note: if you choose the LM-2500 for boost, you will also be 
given the opportunity to select an alternative 

engine type for cruise. 

If you choose one of the other boost engine types, 

it will be assumed that your selected boost engine 

type will be used for both cruise and boost operation. 


Select one of the boost engine types. 

l LM-2500 Gas Turbine 

2 ICR Gas Turbine 

3 РС 4.2 Diesel,16 cyl rated at 26060 HP. 





elect one of the cruise engine types. 
NONE 
ICR Gas Turbine 
PC 4.2 Diesel 
PC 2.6 Diesel 


YN i= ON tr 


0 
Select the total number of LM-2500 engines 
used during maximum boost operation. 


2 Two 

3 Three 
АШКЕ Опт 
4 


BEES tne total number of LM-2500 engines used 
Beng Cruise operation. 


ion One 

2 Two 

3 Three 
4 FOUL 
2 


EENUDPDSS be driven off any of the gas turbine 
put shafts. 


3 Eile) 
1 Yes 
0 


Your selections are summarized as follows: 


# Cruise Propulsors= 2 & Boost Propulsors = 2 
Propulsor Type - СЕР Hybrid Trans Type = None 
Transmission Type = Mech XMission per shaft = LTDR 
Cruise Eng Type = none Boost Eng Type = LM-2500 
Total # boost eng Total # boost eng 

used for cruise = 2 used for boost = 4 
Total #-cruise eng Total % cruise eng 

used for cruise = 0 used for boost = 0 
PDSS flag setting = NO Number of PDSS = 0 


select an option: 

1 Run the program with your selected propulsion system. 
4  Reselect the propulsion system. 

3 Quit the program. 





L 
Enter the following in decimal format.. 
Enter the cruise EHP:9360.0 
Enter the cruise QPC:.718 
Enter the cruise transmission efficiency:.955 
Borer che: crülser propulsor REM:88,9 
Enter the gear ratio: 
22,39 


Number of engines used for cruise = 2.0 
EE cMendur bhp per enq 7507.77 BHP 
Enceprrect sfc per eng 0.61055 LB/HP/HR 
propulsion f£ factor = 1.0400 


Tail Pipe Allowance = 1.020 

pct of endurance time w/bleed = 0.500 
megeencur fel rate = 0.66672 LB/HP/HR 
ЭПР Срег епа = 1593.04 

K elec avg stc s» 0.76595 LB/HP/HR. 
Me electric fuel wt = SO MON Ss 
The propulsion fuel wt = 1009.5 LTONS. 


Mier total Fuel weight = 1292.4 LTONS. 


RR --oise type engine Specs: 


L19270 £t 2, 
1622504688 2. 
450 Smi1l,19391. 


Cross Section Intake 
Cross Section Uptake 
Acquisition Cost 


Max Engine Power z BUDE 
ax ENnNGine RPM =”, 2600700 
Min Engine RPM z- 21:200 00 
Number of Cylinders = QE 
Engine Type Code = 15:00. 
Engine Weight 452000200 IB: 
Linear Weight Intake - 4939150207 1 Db 
Linear weight Uptake = qu DUE 
Engine Length, ft = 26.50; 
Engine Width, ft z 82 704 
pocrne Height, £ft = 10.40. 





The boost type engine Specs: 


Max Engine Power 


Max Engine RPM 
Min Engine RPM 
Number of Cyli 


nders 


Engine Type Code 


Engine Weight 
Linear Weight 
Linear Weight 
Engine Length, 
Engine Width, 
Engine Helght, 
Cross Section 
muss Section 
EResuisition Co 


Intake 
Uptake 
ГЕ 
Et 
foU 
Intake 
Uptake 
st 


l un H n gu ll l j jH H H jH H H 


26250. 
3600. 
1200: 

ОЕ 
ite 

59000. 

КЕН 
hug 
252 
om 
ro: 
PED. 
B 
4. 


BHP. 


DEMO 
Posen 
Sm I. 





exit 
Select one of the four propulsion ED Ne 
1 Mechanical Drive. 
e lectrice Drive. 
3 Mechanical with Electric Hybrid drive. 
4 Multiple Dispersed Waterjets. 
1 
S 


elect the number of propulsors used for cruise. 
] One propulsor. 


"E wo propulsors. 
ЕШ Three propulsors. 


1 
Select the number of propulsors used for boost. 


O: -crOpU.sors. 

3 Three propulsors 

3 

Select one of the propulsor options. 
L FPP 

DOE URP 

EU ontra-rotating 

mr reswirl Stator 

ООС сеа РРР 

Б г1стес сыр 

tee ted Contra-rotating 
DH uc-ced Preswirl Stator 
9 waterjet 

2 


Select the desired mechanical transmission options. 


IEEEDICyclic on each shaft. 

2 LTDR on each shaft. 

3 LTDR with reversing mechanism on each shaft. 

1 

The following questions are used to determine the engine 
type(s] and alignments to operate the propulsion system. 
Note: if you choose the LM-2500 for boost, you will also be 
given the opportunity to select an alternative 

engine type for cruise. 

If you choose one of the other boost engine types, 

it will be assumed that your selected boost engine 

type will be used for both cruise and boost operation. 


Select one of the boost engine types. 

l LM-2500 Gas Turbine 

2 ICR Gas Turbine 

3 РС 4.2 Diesel,16 cyl rated at 26060 HP. 





elect one of the cruise engine types. 
NONE 
ICR Gas Turbine 
PC 4.2 Diesel 
PC 2.6 Diesel 


WN => O (л FF 


0 
Select the total number of LM-2500 engines 
used during maximum boost operation. 


2 Two 

3 Three 
Seer Our 
3 


Select the total number of LM-2500 engines used 
Giming Cruise operation. 


1 One 

DENT wO 

3 Three 
3 Four 
I 


will PDSS be driven off any of the gas turbine 
output shafts. 


NO 
Yes 


ЕЕЕ (ле total number of pdss units desir 
One pdss unit. 
Шыс pdss units. 
Three pdss units. 
EoUr pdss units. 


(D 


Gis 


олы, (ҒӘР CO) I5 PO 


Your selections are summarized as follows: 


# Cruise Propulsors= | # Boost Propulsors = 3 
Propulsor Type = CRP Hybrid Trans Type = None 
Transmission Type = Mech XMission per shaft = Epicyclic 
Cruise Eng Type = none Boost Eng Type = LM-2500 
Total # boost eng Total # boost eng 

used for cruise = 1 used for boost = 3 
Total # cruise eng Total # cruise eng 

used for cruise = 0 used for boost = 0 
PDSS flag setting = YES Number of PDSS = 3 


Select an option: 

1 Run the program with your selected propulsion system. 
2 Reselect the propulsion system. 

3 Quit the program. 





1 
Enter the following in decimal format. 
Enter the cruise EHP:9360 
Enter the cruise QPC:.718 
Enter the cruise transmission efficiency: .96 
Enter the cruise propulsor RPM:89.0 
Enter the gear ratio: 
22.4 


Númber of engines used for cruise = 1.0 
ШЕ рет РП55 = 1693.04 ВНР 

K34 BHP per eng - 1693.04 BHP 

avg endur bhp per eng 15:9 305 3 TBHP 
Peeerrect sfc per eng 094 0539 CB/HP/HR 


F^" uu 


zuopulsion £ factor = 1.0400 
Tail Pipe Allowance = 1.020 
Bee ef endurance time w/bleed = 9.500 


eva endur fuel rate = 0.53616 LB/HP/HR 
Пе elec avg_sfc = 0.76595 LB/HP/HR. 


The electrlc fuel wt = 292.8 LIONS. 
Mme propulsion fuel wt = Bo TONS. 


ШЕ 1053! Fuel Weight = 1182.0 LTONS. 


Mmimemeruise type engine Specs: 


1190 1022672: 
162 ЭОЕ 
4.50 $mil,1991. 


Cross Section Intake 
Cross Section Uptake 
Acquisition Cost 


Max Engine Power = 2625000 
Max Engine RPM = 3600.00. 
Min Engine RPM = 12005090. 
Number of Cylinders = O. 00 
Engine Type Code = 100 
Engine Weight = 59000.00 1b 
Linear Weight Intäke = 493720 1D 
Linear Weight Uptake = 723200215 
Engine Length, ft = 26.50 
Engine Width, £t = 8.70 
Engine Height, £t = 10.40. 





The boost type engine Specs: 


Max Engine Power 
Max Engine RPM 
Min Engine RPM 


Number 
Engine 
Engine 
пеат 
Linear 
Engine 
Engine 
Engine 


CYOSS 3 


"oss 


ef Cylinders 
Type Code 
Weight 

Welght Intake 
Weight Uptake 
Length, ft 
wuchs £t 
Height, tt 
(oO Intake 


Section Uptake 


mea sition Cost 


26250. 
3600. 
1200. 

OF 
12 
33000: 
493. 
7997 
26. 
Se 
102 
лэк 
(62. 
4. 


ВНР е 


DR 


Br 


be s 
fl os, 
mul, 299. 





EENTC>tce 

Select one of the four propulsion optlons. 
1 Mechanical Drive. 

2 Electric Drive. 

3 Mechanical with Electric Hybrid drive. 

4 Multiple Dispersed Waterjets. 
1 
5 


elect the number of propulsors used for cruise. 
1 One propulsor. 

2 Two propulsors. 
3 


Three propulsors. 


2 
Select the number of propulsors used for boost. 


750 propulsors. 
Mee inreée propulsors. 


2 

select one of the propulsor options. 
1 FPP 

2 CRP 

u On C ra-rotcating 

4 Freswirl Stator 

5 Ducted FPP 

6 Ducted CRP 

EE Uucted Contra-rotating 
8 Ducted Preswirl Stator 
9 Waterjet 

2 


Select the desired mechanical transmission options. 


Epicyclic on each shaft. 

LTDR on each shaft. 

LTDR with reversing mechanism on each shaft. 
LTDR on each shaft with cross-connect. 


м Aa Ww N FP 


The following questions are used to determine the engine 
type(s] and alignments to operate the propulsion system. 
Note: if you choose the LM-2500 for boost, you will also be 
given the opportunity to select an alternative 

engine type for cruise. 

If you choose one of the other boost engine types, 

it will be assumed that your selected boost engine 

Cype will be used for both cruise and boost operation. 


Select one of the boost engine types. 

l LM-2500 Gas Turbine 

2 ICR Gas Turbine 

3 PC 4.2 Diesel,16 cyl rated at 26060 HP. 





elect one of the cruise engine types. 
NONE 
ICR Gas Turbine 
PC 4.2 Diesel 
РС 2.6 Dlesel 


„кю OW kk 


0 
Select the total number of LM-2500 engines 
used during maximum boost operation. 


2 Two 

3 Three 
4 Four 
4 


Select the total number of LM-2500 engines used 
sing cruise operation. 


1 One 

2 Two 

3 Three 
4 Beur 
2 


Witt PDSS be driven off any of the gas turbine 
output shafts. 


NO 
es 


elect the total number of pdss units desired. 
Two pdss units. 
Three pdss units. 
Four pdss units. 


ы» Aa CU NN MP rr O 


Your selections are summarized as follows: 


| Cruise Propulsors- 2 & Boost Propulsors = 2 
Propulsor Type = CRP Hybrid Trans Type = None 
Transmission Type = Mech XMission per shaft = LTDR 
Cruise Eng Type = none Boost Eng Type = LM-2500 
Total # boost eng Total # boost eng 

used for cruise = 2 used for boost = 4 
Total # cruise eng Total # cruise eng 

used for crulse = 0 used for boost = 0 
PDSS flag setting - YES Number of PDSS = 


Select an option: 

1 Run the program with your selected propulsion system. 
2 Reselect the propulsion system. 

3 Quit the program. 


1 | 
Enter the following in decimal format. 
Enter the cruise EHP:9360.0 


Enter the cruise QPC:.718 

Enter the cruise transmission efficiency: .955 
Enter the cruise propulsor RPM: 89.0 

Enter the gear ratio: 

22.4 

Number of engines used for cruise = 2.0 

HP per PDSS w/no-bleed = 1693.04 BHP 


HP per PDSS w/bleed 1128.69 BHP 

K34 BHP per eng w/bleed eZ 86 9) BAe 

avg endur оһр рег елд по bld 9200.81 ВНР 

avg endur bhp,per eng bild 8636.46 BHP 
Bnicorrece sfc per eng ino bla 029838 7, LB/.D/HR 
Bmesrreet see per eng bid 0.57940 LB/HP/HR 
Bropulsjion f factor 1.0400 
Tail Pipe Allowance 1020 
pct of endurance time w/bleed 
avg endur fuel rate no bld 
avg endur fuel rate bld 
K34 w/bleed SFC 


0.500 
0.511575 DBAHP HR 
0.63270 LB/HP/HR 
PAS UAB HEAR 


Cross Section Intake 
Cross Section Uptake 


VIS. OEE SZ. 
162.50 ЁС^2. 


The electric fuel wt = 5274 ONS. 
mes propulsion fuel wt = 1122.3 LTONS. 
The Total Fuel Weight = 1184.7 LTONS. 
The cruise type engine Specs: 

Max Engine Power = 26250.00. 

Max Engine RPM = 3600.00. 

Min Engine RPM = 1200.00. 
Number of Cylinders = 0.00. 
Engine Type Code = 229005 
Engine Welght = 59000.00 lb. 
Linear Weight Intake = 493.20 1b. 
Linear Weight Uptake = 799.00 1b. 
Engine Length, ft = 26550: 
Engine Width, ЕС = 8.70. 
Engine Height, ft = 10.40. 


Acquisition Cost 


8790 $mi1,1991. 





The boost type engine Specs: 


Max Englne Power 
Max Engine RPM 
Min Engine RPM 


Number 
Engine 
Engine 
Linear 
Linear 
Engine 
Engine 
Engine 


of Cylinders 
Type Code 
Welght 

Welght Intake 
Weight Uptake 
Length, £t 
Width, £ft 
Height, ft 


moss Section Intake 
Cross Section Uptake 
Bzaulisition Cost 


l" H Hl d H uU dH H H H H H H H 


26250. 
3600. 
1200 

0. 
Ix 
9000; 
493. 
199, 
25M 
Š. 
LOK 
ЗЕ 
1562: 
4. 


BHP. 


1D. 


Jb. 


icu 
MD. 
SIT. 
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